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Well-defined inorganic/polymer core-shell hybrids and polymer hollow 
micro-/nanostructures are of great interest because of their diverse applications in 
chemistry, materials, biomedicine and nanotechnology. The aim of this work was to 
develop a simple and general approach to the fabrication of functional 
inorganic/polymer core-shell hybrids and polymer hollow nanostructures with unique 
morphology and decorated surface functions via a combination of traditional 
techniques, such as sol-gel chemistry, distillation-precipitation polymerization and 
living radical polymerization with the newly developed ‘click’ chemistry. The 
as-prepared polymer hollow micro-/nanospheres (single shell, double shell, rattle-type 
and hairy hollow particles) could further been explored as drug delivery vehicles in 
drug delivery systems (DDSs) and nanoreactors in confined catalytic reactions. 
 
First of all, narrowly-distributed (or monodispersed) poly(methacrylic acid) (PMAA) 
hollow microspheres with stimuli-responsive properties have been fabricated from the 
corresponding silica/polymer composite hybrids via a combined 
distillation-precipitation polymerization and sol-gel chemistry. By such means, hybrid 
microsphres with alternating SiO2/PMAA layer were further produced by sol-gel 
process and distillation-precipitation polymerization. Hollow PMAA microspheres 
with double-shell structures and PMAA-PNIPAM double shelled hollow microspheres 
were obtained by selective removal of silica core and inter-layer from the alternating 
SiO2/PMAA/SiO2/PMAA hybrids in HF solutions. The obtained double-shelled PMAA 
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and PMAA-PNIPAM hollow particles could exhibit a reversible volume change to the 
stimuli of the environmental medium 
 
Subsequently, a serial of rattle-type hollow nanospheres with a polymer shell or 
mesoporous silica shell and various metal nanocore (gold, silver, or anatase titania) 
were synthesized using the metal/silica core-shell particles as templates. These 
well-defined rattle hollow hybrid nanospheres, comprising of the two nanostructured 
functional materials, can be used for confined catalytic reactions as a nanoreactor 
system. Furthermore, the as-synthesized Ag@air@PMAA hybrid nanorattles with a Ag 
nanocore, PMAA shell and free space in between. The as-synthesized 
Ag@air@PMAA hybrid nanorattles were explored as a nanoreactor system for 
confined catalytic reduction of 4-nitrophenol. The rate of catalytic reaction can be 
further regulated by controlling molecule diffusion in and out of the stimuli-responsive 
PMAA shell through the simple variation of environmental stimuli, such as salt (NaCl) 
concentration of the medium. 
 
Lastly, combination of the robust alkyne-azide, thiol-ene ‘click’ chemistry with the 
living radical polymerization technique has been explored and exhibited a novel 
strategy for the fabrication of polymer brush-decorated inorganic/polymer core-shell 
hybrids and polymer hollow spheres. The as-prepared hollow nanospheres with hairy 
surfaces and multiple functionalities could improve the particle properties and be 
explored for biomedical applications as a probe for cell imaging and as a vehicle in 




AIBN      2,2’-Azobisisobutyronitrile  
DDSs      Drug delivery systems 
DDW      Doubly distilled water 
DMF      Dimethylformamide  
DMP      2-Dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid  
DVB      Divinylbenzene  
EGDMA   Ethylene glycol dimethacrylate 
HF        Hydrofluoric acid  
MAA      Methacrylic acid 
MPS      3-(trimethoxysilyl)propylmethacrylate 
NIPAM    N-isopropylacrylamide  
PMA      Propargyl methacrylate  
PMDETA  N,N,N’,N’,N´-pentamethyldiethylenetriamine  
TBOT     Titanium tetrabutoxide 
TEOS     Tetraethyl orthosilicate 
THF      Tetrahydrofuran   
VCz      N-vinylcarbazole  
LRP      Living radical polymerization 
ATRP     Atom transfer radical polymerization 
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of 0.01, 0.1, 1, 10 µg/mL at 37°C. Each data point represents mean ± SD, n=6. * 
denotes statistical differences (p < 0.05), and ** denotes statistical differences (p < 
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In the past decade, hollow polymeric micro- and nanostructures have attracted 
considerable interest because of their new functionalities and unique physicochemical 
properties.1-6 The development of hollow polymer structure is reflected by the rapid 
increase in the number of scientific publications and patents in recent years.3, 7-8 
Hollow polymer structures are potentially useful as encapsulates for drugs, enzymes, 
protein, genes and catalysts, as transducers and dielectrics for electronics, as absorbent 
materials for sound and microwave, as contrast agents for diagnostics, as nanoreactors 
for the fabrication of devices, and as label-free chip sensor.9-12 Hollow particles with 
various polymeric materials have been developed via various polymerization 
techniques. Sol-gel reaction and distillation-precipitation polymerization as the robust 
approaches have been developed for the fabrication of inorganic nanoparticles and 
polymer microspheres respectively. The new developed living radical polymerization 
(LRP) and ‘click’ chemistry have greatly facilitated the progress in polymer chemistry 
and material science. A combination these techniques together for construction of new 
hollow micro-/nanostructure will be of great interest. For improvement in treatment of 
numerous diseases, the design and synthesis of more sophisticated microstructures and 
materials with novel molecular architecture for specific applications is an on-going 
effort.  
 
Despite of the diverse methods to fabrication of hollow structures have been reported 
for their potential applications in biomedicine, catalysis and paints, and as electronics 
materials. In these applications, most of the shell materials are inorganic or ceramic 
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shell or only un-functional polymer shells. However, there are still limited reports on 
the fabrication of hollow structure with polymer shells and functional groups on the 
shell, which is probably due to the complexity in synthesis procedures and difficulty in 
selective functionalization of the shell materials. The overall purpose of this thesis is to 
synthesize hollow polymer micro- and nanospheres with novel morphology and 
functions via a combination of inorganic and polymer synthesis and optimize the 
applications of these hollow polymer structures in drug delivery and confined catalytic 
reactions. This research focuses on controlling the size, size distribution and novel 
morphology of the polymer structures. The objective of this thesis was also to 
endowing hollow polymer shells with functional properties via grafting of 
environmental-stimuli responsive polymers. In response to external stimuli, such as 
temperature, pH, ionic strength, electric field and magnetic flux, the smart hollow 
particles can undergo reversible structural transition and self-adjustment of their 
physicochemical properties. 
 
The thesis consists of six chapters. Chapter 2 gives overview of the related literatures. 
This chapter starts with a brief introduction of the polymer hollow structures by 
various approaches. Subsequently, the approaches used in our thesis work such as 
distillation-precipitation polymerization, sol-gel process, alkyne-azide and thiol-ene 
‘click’ reactions are introduced. In chapter 3, alternating silica/PMAA and 
silica/PNIPAM multilayer hybrid microspheres is constructed by combined sol-gel 
process and distillation precipitation polymerization. Selective removal of silica core 
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or layers from these alternating hybrids gives rise to pH-responsive poly(methacrylic 
acid) (PMAA) microspheres, hierarchical pH-responsive double-shelled PMAA hollow 
microspheres, and dually responsive (pH- and termperature- double-shelled 
PMAA/PNIPAM hollow microspheres. In Chapter 4, novel rattle-type hollow 
microspheres are prepared through a combined sol-gel reaction and distillation 
precipitation polymerization The as-prepared SiO2/TiO2 rattles consists of two 
inorganic materials of a mesoporous silica and anatase titania dioxide. The as-prepared 
Ag/PMAA hybrid rattles consists of a pH-responsive PMAA shell and catalytic silver 
metal core. These novel rattles can be explored as a nanoreacter system in a confined 
space between the hollow shell and core. In chapter 5, a series of well-defined hairy 
core-shell and hairy hollow nanostructures were prepared by incorporation of 
alkyne-azide and thiol-ene surface ‘click’ reactions to surface modify silica/polymer 
core-shell microspheres, such as hairy hollow polymer microspheres with a flurescent 
poly(N-vinylcarbazole) (PVK) shell and temperature-responsive 
poly(N-isopropylacrylamide) (PNIPAM) brushes; polymer hollow microspheres with 
binary brushes (hydrophobic polystyrene and hydrophilic polyethylene glycol); hairy 
rattle-type hybrid microspheres consisting of a metal nanocore (gold or silver), a 
poly(mathacrylic acid-co-divinylbenzene) (P(MAA-co-DVB)) shell, and functional 
polymer brushes clicked on the exterior surface; pH-responsive, biocompatible and 
fluorescent multifunctional polymer hollow nanospheres for bi-modal biomedical 
applications as an imaging probe and a drug delivery vehicle. Finally, conclusions of 



























2.1 Hollow Polymer Micro- or Nanostructures 
A literature review on recent advances in the preparation methods, morphology and 
function of hollow polymer particles will be carried out initially, which will form the 
basis for future development and application of these hollow structures materials. 
Generally, polymer hollow particles have been prepared by suspension polymerization, 
dispersion polymerization, emulsion polymerization, self-assembly, and 
template-directed synthesis from dendrimers and core-shell precursors. An overview of 
the methods for the preparation of hollow micro- and nanostructures is listed in Table 
2.1.  





Okubo group investigated the fabrication factors and mechanism of a series of polymer 
hollow microspheres by suspension polymerization.14-17 Suspension polymerization is 
a process in which monomer, relatively insoluble in water, is dispersed as liquid 
droplets with steric stabilizer and vigorous stirring to produce polymer particles as a 
dispersed solid phase. Suspension polymerization of divinylbenzene and styrene 
monomers under carefully selected polymerization conditions can give rise to hollow 
spheres with sizes in the micrometer range. Suspension polymerization of styrene and 
methyl methacrylate (MMA) monomers in toluene, in the presence of ethylene glycol 
diethacrylate (EGDEA) and benzyl peroxide, can produce hollow polystyrene (PS) and 
poly(methyl methacrylate) (PMMA) microspheres. PS hollow microspheres can also 
be prepared via a combination of glass-membrane emulsification and suspension 
polymerization of styrene.   
The formation mechanism of hollow polymeric microspheres from suspension 
polymerization can be described as follows. The colloid droplets are produced at the 
beginning of the suspension polymerization process. The macromolecules produced 
from the suspension polymerization process concentrate preferential at the interface of 
droplets, resulting in phase separation between the polymer and the solvent. Removal 
of solvent from the core produces the hollow polymeric microspheres. Suspension 
polymerization has the advantages of simplicity and convenience in the polymerization 
process. Although the approach has been used predominantly in the production of 
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hollow polymeric particles with sizes in the micrometer range and with less stringent 
requirement for uniformity in size distribution, refinement in experimental conditions 
and controlled polymer synthesis may eventually allow the production of hollow 
polymer particles. 
Emulsion Polymerization  
Chern reviewed the mechanisms and kinetics of emulsion polymerization.18 Emulsion 
polymerization involves the propogation reaction of free radicals with monomer 
molecules in a very large number of discrete monomer-polymer particles (1016 – 1018 
dm-3, formed from micelles) dispersed in a continuous aqueous phase. Emulsion 
polymerization has been used in the production of several commercially important 
polymers because of the economical and environmental advantages associated with the 
process. Emulsion polymerization has also been widely used in the preparation of 
hollow polymer particles. The hollow particles can be prepared either from the 
water/oil/water (W/O/W) bilayer emulsion system or from phase separation between 
the polymer and monomer in the polymerization process. By adjusting the 
thermodynamic and kinetic parameters, polymeric particles of different morphologies, 
such as core-shell, inverted core-shell and occluded structures, can be obtained by 
emulsion polymerization. Owing to their amphiphilic nature and unique molecular 
geometry, emulsifier molecules can aggregate in diluted solution into spherically 
closed W/O/W bilayer structures. W/O/W droplets are thermodynamically stable and 




Hotz and Meier prepared HPNSPs via W/O/W emulsion polymerization using 
dimethyldioctadecaylammonium chloride as the surfactant and a mixture of 
1-methacryloyloxybutane (MALOB) and 1,2-bis(methacryloyloxy) ethane (BMALOE) 
as monomers.19 Crosslinking polymerization of the monomers in the surfactant bilayer 
of vesicles allows the preparation of hollow polymeric spheres with diameters in the 
range of several nanometers to several hundred micrometers. A simpler and more 
economical method for producing hollow polymeric particles via W/O/W emulsion 
polymerization uses a mixture of cationic and anionic surfactants. PMMA hollow 
particles were prepared by emulsion polymerization using sorbitan monooleate as the 
primary surfactant, and sodium laurylsulfate and glucopen (a polypeptide derivative) 
as the secondary surfactants.20 HPNSPs of styrene and divinyl benzene of about 60 nm 
in radius and shell thickness of less than 10 nm can be templated from equilibrium 
catanionic vesicles formed by cetytrimethylammonium tosylate and sodium 
dodecylbenzensulfonate, or cetytrimethylammonium bromide and sodium octyl 
sulfate.21 Oyaizu et al. prepared divinylbenzene bilayer vesicles using 
vinylbenzyltrimethylammonium chloride and sodium dodecyl sulfate as the 
surfactants.22 The latter surfactant was retained in the crosslinked vesicles when 
divinylbenzene was polymerized in the presence of a water-soluble initiator. The 
resulting hollow polymeric particles are resistant to organic solvent and can be readily 
re-dispersed in water. Song et al. prepared hollow PS nanospheres via W/O/W 
emulsion polymerization using anionic/nonionic (potassium oleate and akyl-phenol 
polyoxyethylene ether) mixed surfactants.23  
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The polymerization temperature plays a key factor in controlling the morphology of 
the hollow nanostuctures. PS hollow nanospheres with diameters ranging from 200 to 
800 nm and shell thickness around 30-50 nm have been prepared.24 Sun and Li have 
used anionic sodium dodecylsulfate (a surfactant) and glucose as starting materials to 
prepare carbonaceous vesicles with a reactive surface layer. The vesicles have a 
tunable void ranging from 50 nm to 3 μm and an adjustable shell thickness of 10 to 
300 nm. Poly(ethylene oxide)-b-poly(propylene oxide)-b–poly(ethylene oxide) 
(PEO-b-PPO-b-PEO) has also been used as the emulsifier to prepare PS hollow 
nanospheres via the W/O/W double emulsion system.25  
 
Inorganic nanoparticles can be used as the stabilizer for the formation of W/O/W 
emulsion droplets and to prepare the inorganic/polymer composite. Using octylphenyl 
poly(ethylene oxide)-4 (OP-4) and octylphenyl poly(ethylene oxide)-10 (OP-10) 
nonionic surfactants to form the W/O/W bilayer droplets,  Wu et al. prepared CdS/PS 
composite hollow nanospheres by microemulsion polymerization.26 Multihollow 
spheres of superparamagnetic magnetite/polystyrene nanocomposite has also been 
prepared via the W/O/W double emulsions in which the oleic acid-modified magnetic 
nanoparticle acts as an oil-soluble emulsifier and sodium dodecyl sulfate acts as a 
water-soluble surfactant.27 W/O/W emulsion polymerization is a convenient and 
economical means for the preparation of hollow polymeric micro-/nanospheres. The 
selection of emulsifiers is critical to the process. This process, however, is less suitable 
for preparing monodispersed particles with particle size less than 100 nm.    
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Ni et al. prepared PS and poly(methacryloxypropyltrimethoxysilane) (PMOPTMS) 
hybrid HPNSPs by miniemulsion copolymerization and by making use of the 
incompatibility between the PS/PMOPTMS copolymer and the solvent/monomer 
mixture.28 Emulsion polymerization of aniline, carried out in the presence of excess 
aniline, and with an organic acid acting as the surfactant and dopants, can give rise to 
the polyaniline (PANi) hollow microspheres.29 
Dendrimers 
Dendrimers are highly branched macromolecules growing from a central core by a 
step-wise repetitive reaction.30 Despite their large molecular size, dendrimers are 
structurally well-defined, with a low size polydispersity, in comparison with traditional 
polymers. Higher generation dendrimers occupy a smaller hydrodynamic volume 
compared to the corresponding linear polymers, due to their globular structure. If the 
dendrimers have a small initiator core of low density and multiple branching units, the 
density of the dendrimer in the outer-layer will increase dramatically to result in the 
formation of a rather densely packed shell. Extending this concept, hollow polymeric 
nanoshperes can be prepared via synthesis of dendrimers, which have internal cavities 
and a dense outer shell.  
 
Dendrimers of poly(propylene imine) (PPI) with internal cavities and a dense shell 
have been prepared.31 The dendrimers are not true hollow particles because the core is 
covalently linked to the outer shell. Hollow particles have been prepared via the 
synthesis of dendrimers and removal of the internal core. The dendrimers with three 
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ester bonds at the core and homoallyl ether groups on their periphery are synthesized 
by ring closing metathesis reaction.32 The use of Grubbs’ ruthenium alkalidene catalyst 
results in the crosslinking of periphery groups. Subsequent treatment by a strong base 
can lead to the cleavage of ester linkages in the dendrimer core. Removal of the small 
molecular segments from the core produces Hollow particles with controllable 
geometry and size of several nanometers in diameter, as well as well-defined and 
predictable cavity. However, tedious procedures involved in the preparation of these 
particles have limited their wide spread application. 
Self-assembly  
Amphiphilic diblock copolymers possess similar properties as those of surfactants. 
They can self-assemble and exhibit multiple morphologies in aqueous solutions.33 In 
the fabrication of hollow nanospheres via ‘crew-cut’ aggregation of the amphiphilic 
block copolymer chains, the long hydrophobic segments and short hydrophilic 
segments of the copolymers form the core and the corona, respectively. Changing the 
relative length of blocks in the copolymer and the environmental parameters, such as 
solvent, ionic content and temperature, can produced a wide range of morphologies, 
such as spheres, rods and vesicles (nano-scaled ‘bag’ with a double-layer outer 
membrane enclosing an inner volume or a spherically closed bilayer structure at a low 
concentration).2, 34 The earlier hollow polymer particles, the so-called vesicles or 
polysomes were prepared by Eisenberg and co-workers via self-assembly of the simple 
amphiphilic diblock copolymer of PS-b-PAAC.35 The morphology of the final vesicles 
is governed by the structure of the block copolymer. The formation of vesicles is 
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strongly dependent on the ratio of PAAC and PS block lengths. As the PAAC content 
decreases from 20 mol% to 3.8 mol%, the morphologies of the molecular assemblies 
changes from spherical micelles, to rod-like micelles, and then to vesicles. The 
formation of vesicles is also sensitive to the initial copolymer concentration. The 
vesicles formed from a 2 wt% copolymer solution are about 80 nm in diameter and 
about 20 nm in shell thickness, and are relatively uniform in size. For the vesicles 
formed from 3 wt% solution, the sizes are polydispersed, with outer diameters ranging 
from 50-500 nm. Although the morphology is dominated by thermodynamics, the 
solvents and kinetics under a range of conditions can also influence the morphology of 
resulting micelles and vesicles. Under the same experimental condition, only spherical 
micelles are obtained when DMF is used as the solvent. When THF is used as the 
solvent, however, both spherical micelles and vesicles are found. THF and DMF have 
different dielectric constants and solubility for the copolymer. The sizes of the vesicles 
are in the range of 100-500 nm and are controllable by experimental variables. 
Nanospheres with crosslinked shells can be prepared via self-assembly of 
poly(soletamethacarylate)-block-poly(2-(dimethylamino)ethyl methacrylate) 
(PSMA-b-PDMAEMA) and subsequent crosslinking of the PDMAEMA corona with 
1,2-bis(2’-idoethoxy)ethane (BIEE).36 Hydrolizing the acetonide groups of PSMA core 
produces a HPNSP with hydrophilic void. Triblock copolymer of 
PI-b-PCEMA-b-PtBA (PI = polyisoprene; PCEMA = poly(2-cinnamoylethyl 
methacrylate; PtBA = poly(tert-butyl acrylate) formed spherical micelles with a PtBA 
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corona, PCEMA shell and PI core in THF and methanol mixed solution. UV-induced 
crosslinking of the PCEMA shell and removal of the PI core by ozonolysis produced 
the HPNSPs. The amphiphilic block copolymer, PLA-b-PoAdGP (PoAdGP = 
poly(6-O-acryloyl-a-D-galactopyranose)), can self-assemble in aqueous solution to 
form micelles with a PLA core.37 HPNSPs were obtained from self-assembled micelles 
of amphiphilic PCL-b-PAAC (PCL= poly(ε-caprolacton)) copolymer after crosslinking 
the shell by amidation reaction of the carboxylic functionalities of PAAC with the 
amine groups of 2,2’-(diethene dioxyl)bis(ethylamine) and degradation of the PCL 
core by selective hydrolysis. HPNSPs have also been prepared by self-assembly of the 
PI-PAAC diblock copolymers to form a core-shell nanostructure with a PAAC shell 
crosslinkable by carbodiimide coupling and PI removable by ozonolysis.38 
Nanometer-sized hollow particles have been prepared by crosslinking of the polysilane 
shell and photochemical degradation of the guest core molecules.39 Block copolymer 
of poly(1,1-dimethyl-2,2-dihexyldisilene)-block-poly(methacrylic acid) 
(PMHS-b-PMAAC) can self-assemble into micelles with a PMHS core and PMAAC 
shell. Carbodiimide caused the crosslinking of PMAAC shell and UV irradiation led to 
the degradation of the PMHS core. 
Core-shell Precursors 
Among the various fabrication approaches for the production of hollow particles 
reported so far, template-directed synthesis of core-shell precursors is probably the 
most widely used method for the generation of hollow particles.40-41 The process 
generally involves three steps as illustrated in Scheme 2.1. Initially, surface 
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modification of the template are carried out for provide driving force to capture 
polymer chains during the subsequent polymerization process, avoiding self-nucleation 
and secondary-particles.42 Uniform core-shell microspheres are prepared by 
polymerization of appropriate monomers in medium. The last step involves the 
removal of template core by physical dissolution or chemical etching from the 
core-shell microspheres. In addition to the ease of fabrication, the template approach 
also can control the size and void space of the hollow microspheres precisely, since we 
have already known the detailed information about the template (size and surface 
function) prior to grafting of polymer shell on the template core. 
 
Many efforts have been devoted to grow a uniform polymer shell on the template core 
for the production of hollow polymer micro or nanostructures. According to different 
growth mechanism, they can be classified by layer-by-layer deposition, emulsion 
polymerization, surface-initiated living radical polymerization. Layer-by-layer (LbL) 
deposition is based on the consecutive electrostatic adsorption of oppositely charged 
polyelectrolytes on a surface-charged particle.43-44 LbL deposition is recognized as a 
low cost and environmentally-friendly technology for surface functionalization. Most 
important of all, the LbL approach affords fine tuning of thickness and composition of 
the deposited shells. Thus, the dimension of resulting hollow particles, including void 
size, shell composition, shell thickness and shell uniformity, can be easily controlled. 
Sodium salt of poly(styrene sulfonate) (PSS) is a widely used polyanion for LbL 
deposition.45 Using PSS as polyanions and poly(allyamine hydrochloride) (PAH) as 
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polycations, core-shell particles with a core of poly(melamine formaldehyde) (PMF) 
and a shell of PSS/PAH have been fabricate by alternating LbL deposition of PSS and 
PAH. Core-shell particles with a biological template core of human erythrocyte and a 
polyeletrolyte shell of PSS and PAH have been prepared by LbL adsorption. Upon 
removal of the cytoplasmic constituents by means of a deproteinizing agent, a hollow 
structure of polyeletrolytes was obtained. The thickness of polyelectrolyte shell in the 
range of several nanometers to several tens of nanometer can be precisely adjusted by 
controlling the adsorption time. Using gold nanoparticles with diameter of 15 nm as 
template, polyelectolyte shell of 1-8 nm in thickness were obtained by alternating 
adsorption of 1-20 layers of PSS and PHA.   
 
The core-shell particles are also prepared by a two-stage emulsion polymerization 
process.46 Initially, the core particles are synthesized via conventional emulsion 
polymerization. In the second stage, another monomer is added to produce a layer of 
polymer surrounding the core particles. Particles with a core of PMMA and a shell of 
poly(styrene-divinylbenzene) (P(St-DVB)),  a core of poly(butyl acrylate) (PBA) and 
a shell of PS, a core of P(MMA-MAAC-EGDMA and a shell of P(St-DVB-AN), and a 
core of PMMA and a shell of polyacrylonitrile (PAN) have been prepared via a 
multi-stage emulsion polymerization and used for the fabrication of Hollow particles. 
Zheng et al. prepared core-shell particles composing of a core of linear 
polydimethylsiloxane (PDMS) and a shell of crosslinked PDMS by emulsion 
polymerization of bi- or tri-functional organosilion. The linear PDMS chains within the 
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particle core can be removed by dissolution and infiltration.47  
 
Scheme 2.1 Synthesis of hollow polymer particles from template-directed core-shell 
precursors.  
Core-shell nanoparticles for Hollow particles have also been prepared via 
surface-initiated polymerization. Recent development in living free radical 
polymerizations (LFRP), including atom transfer radical polymerization (ATRP), 
nitroxide-mediated radical polymerization (NMRP), and reversible 
addition-fragmentation chain transfer (RAFT) polymerization, have provided 
methodologies for synthesizing polymers in a controlled fashion, resulting in polymers 
with narrowly dispersed molecular weights.48 Core-shell particles can be synthesized 
by surface-initiated LFRP. The preparation of hollow polymeric particles via 
surface-initiated LFRP has several advantages. First of all, the polymer chains are 
covalently coupled to the sacrificial core surface. Secondly, the core-shell particles 
have a polymeric shell of uniform and controllable thickness. Furthermore, hollow 
particles with a shell consisting of block copolymers can readily be prepared via 
18 
 
consecutive surface-initiated LERP. Hollow crosslinked PS and poly(maleic anhydride) 
(PMAH) copolymer were prepared from a core-shell precursor via NMRP, followed 
by removal of the sacrificial core.48 The NMRP initiator, 
2,2,5-trimethyl-3-phenyloxy-4-phenyl-3-azahexane was first immobilized on the silica 
nanoparticle surface. Subsequent NMRP of styrene and MAH from the silica 
nanoparticle surface produced the core-shell particles. Crosslinking of the polymeric 
shell was achieved by the reaction of MAH repeat units with a diamino crosslinker. 
Removal of the silica core by HF treatment produced the final hollow polymeric 
nanoparticles. Uniform hollow microparticles of poly(benzyl methacrylate) (PBzMA) 
were prepared by ATRP of benzyl methacrylate (BzMA), from the ATRP initiator 
immobilized on the silica particles, and subsequent removal of the silica cores.49  
 
2.2 Precipitation Polymerization and Distillation-precipitation Polymerization 
Polymer microspheres are of tremendous importance in biomedical and 
chromatographic chemical areas.50 Therefore, numerous physical and chemical 
approach have been done to fit for the the growing scientific and commercial 
inquirement for the applications of these polymer microspheres. Heterogeneous 
polymerization techniques, including suspension, emulsion, dispersion, and 
precipitation polymerization have been developed to fabricate polymer particles or 
microspheres.51  
In emulsion polymerization, water, low water-soluble monomer, water-soluble initiator 
and surfactants are firstly mixed together. During the reaction, colloidally stable latex 
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particles form spontaneously and all polymerization occur in those particles. 
Surfactants are used to prevent particles from coagulating with each other. In 
dispersion polymerization, reaction ingredients are firstly mixed in the reaction 
medium. During the reaction, polymeric particle forms and precipitates from the 
reaction medium. Steric stabilizer, such as polyvinylpyrrolidone (PVP), must be used 
to stabilize the polymeric particles and prevent particles from coagulation.  
 
Figure 2.1 SEM micrograph of PDVB 55 microspheres by precipitation 
polymerization (2 vol% of DVB 55 in acetonitrile).52 
In 1993, Li and Stöver have reported the preparation of monodispersed and highly 
crosslinked polystyrene-type microspheres in the 2 to 5 μm range without the need for 
any stabilizers or surfactants (Figure 2.1). The surfactant free particles are produced 
via thermally initiated precipitation polymerization involving only monomer 
(divinylbenzene, DVB), radical initiator (AIBN) and solvent (acetonitrile).52-54 
The initiation of a typical polymerization or dispersion polymerization scheme occurs 
in solution and the polymer chains grow until a critical chain length, whereby their 
solubility limit in the organic medium is exceeded and they precipitate. The phase 
separation of the polymer chains from the continuous medium is termed enthalpic 
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precipitation and occurs due to unfavourable polymer-solvent interactions. In contrast, 
entropic precipitation occurs under conditions where the polymer and solvent are 
prevented from interacting freely by the cross-linker.55-57 In precipitation 
polymerization, the monomer, initiator and solvent initially form a homogenous 
reaction mixture. The initial particle formation phase involves the occurrence of 
initiation in solution, which affects the formation of oligomer radicals. The growth of 
the oligomers leads to cross-linking and aggregation in the absence of any stabilizer, 
and the concomitant absorption of some monomer and initiator within them. Further 
particle growth arises from the precipitation of new oligomers onto the particle 
surfaces, and to a lesser extent, from the polymerization within the monomer-swollen 
particle. Hence, it can be theorized that the particle number is limited by the first stage 
of polymerization where particle initiation occurs.  
 
In 2004, Bai et al. reported distillation-precipitation polymerization as a novel 
polymerization technique (termed as “distillation-precipitation polymerization”) to 
produce narrow dispersed polyDVB80 microspheres using the monomer DVB, 
initiator AIBN in acetonitrile.58 Monomer, initiator and solvents are first mixed 
together and form into a homogeneous solution. During the reaction, polymeric 
particles form from crosslinking of monomers and precipitate out of the solution 




Figure 2.2 SEM micrographs of the PDVB 80 microspheres by 
distillation-precipitation polymerization.58 
Figure 2.2 shows the synthesized PDVB 80 microspheres by distillation-precipitation 
polymerization. Comparing to traditional emulsion polymerization and dispersion 
polymerization, precipitation polymerization does not need emulsifiers or stabilizers 
whose residues usually remain absorbed or grafted on the surfaces of the particle. This 
is also one of the main advantages of precipitation polymerization over other 
polymerization methods. Moreover, microspheres with functional groups (-OH, 
-COOH, -CN) on the exterior groups can be easily obtained through copolymerization 
of functional monomers with DVB crosslinker in acetonitrile by means of 
distillation-precipitation polymerization.59-61  
 
Incorporation of living radical polymerization into precipitation polymerization has 
been tried for the surface modification of PDVB microspheres. Atom transfer radical 
polymerization (ATRP), one of the controlled/living radical polymerizations, allows 
uniformed polymer chain growth. It leads to polymers of low polydispersity (PDI). 




surface-initiated ATRP has been reported. After modification by ATRP, the hard PDVB 
particles have been decorated by a hair-like layer, leading to a core-shell structure.62-66 
Reversible Addition-Fragmentation chain Transfer (RAFT) polymerization is one of 
the most versatile methods of controlled radical polymerization because it is tolerant of 
a very wide range of functionality in the monomer and solvent, including aqueous 
solutions.67-68  
Barner reported the synthesis of core-shell microspheres by RAFT polymerization of 
styrene on PDVB microspheres. There are two steps to fabricate such core-shell 
structures. The first stage is to prepare the RAFT agent modified PDVB microspheres 
by an addition of the RAFT agent during the process of conventional precipitation 
polymerization. Thus there are RAFT end groups on the particle surface. PS polymer 
brushes are subsequently grafted on the particle surface of these RAFT agent-modified 
PDVB microspheres by RAFT polymerization.69-70 Recently, Zhang group reported the 
combination of ATRP and RAFT living radical polymerization with precipitation 
polymerization to fabricate molecular imprinting microspheres, which are of great 
potential in separation, chemical sensors and enzyme-mimicking catalysis.71-73  
Zhang et al. reported the fabrication of narrow disperse, highly cross-linked and living 
polymer microspheres by atom transfer radical precipitation polymerization 
(ATRPP).74 The introduction of atom transfer radical polymerization (ATRP) 
mechanism into precipitation polymerization (PP) allows the rapid initiation to form 
uniform and living PEGDMA and copolymer microspheres with the average size of 
23 
 
0.73-3.25 μm. Initially, the polymerization process starts in a homogeneously mixed 
solution of divinyl cross-linker, monovinyl functional monomer, initiator, ATRP 
catalyst and ligand in a selected solvent. Secondly, the formed oligomers continue to 
capture the monomers to form more highly branched polymers. Thirdly, the 
aggregation of these highly branched polymer results in nucleation upon the polymers 
reach their solubility limit in the selected solvent. Finally, the particle growth will 
process in the subsequent monomer capture on the nuclei. In comparison with 
traditional precipitation polymerization, the ATRPP process has a negligible capture of 
oligomer during the particle growth. The controlled ATRP allows the rapid initiation 
and avoids the oligomer capture in the particle growth, giving rise to a good control 
over particle size and size distribution. Moreover, the living character of the ATRPP 
renders the as-prepared microsphres grafting of hydrophilic polymer brushes to 
improve the hydrophobic/hydrophilic properties of particles in the practical 
applications. 
2.3 Sol-gel Process 
The sol-gel process, known as chemical solution deposition, is a wet-chemical 
technique used in the fields of materials science and ceramic engineering.75-76 Such 
methods are used primarily for the fabrication of materials (typically a metal oxide) 
starting from a chemical solution that acts as the precursor for an integrated network of 
either discrete particles or network polymers. Typical precursors are metal alkoxides 





Silica is a common inorganic material that it is used in the industry and 
nanotechnology. In the Stöber process, acids or bases catalyze the hydrolysis of the 
alkoxy groups of tetraethyl orthosilicate (TEOS) to its corresponding 
silanol-containing species. These species are highly reactive intermediates which are 
then applied to the metal surface, or more precisely, the metal oxide surface, so that it 
can undergo condensation reactions with this metal oxide surface. For instance, silica 
micro- or nanoparticles can be prepared by sol-gel process (also known as Stöber 
method) can be synthesized using ammonia as catalyst in a mixture of ethanol and 
water.77 
 
Silica-based core-shell materials can be fabricated since silica is often used to coat 
gold, silver, platinium, and magnetic nanoparticles to aid their stability in solutions by 
providing a chemically inert environment and to prevent them from agglomerating and 
precipitating due to its ability to screen magnetic dipolar attraction between them. This 
is important in the case of gold nanoparticles due to its toxic nature to biological 
systems.78 Secondly, the abundant silanol groups found on the silica layer allows it to 
be functionalised for specific applications.79-81 The sol-gel method is often used due to 
the low cost involved, being surfactant free and the mild reaction conditions required. 
It involves hydrolysis of Tetraethylorthosilicate(TEOS) to form silica sols followed by 
the condensation and nucleation of these sols onto the surface of the nanoparticles to 
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be coated in a basic alcohol/water mixture.81 Aqeuous ammonia is added as a basic 
catalyst to speed up the hydrolysis of TEOS. Regardless of the shape or morphology of 
the nanoparticle being coated, the final silica coated particle would always be 
spherical.  
 
The thickness of the silica coating can be tuned by varying the amount of TEOS or 
ammonia catalyst added and time allowed for coating.79-81 In addition, the amount of 
aqueous ammonia added affects the population of self-nucleated silica spheres.80 This 
is attributed to the increase in hydrolysis of TEOS that comes with an increase in 
concentration of ammonia. It is also important that the addition of ammonia be done 
after that of TEOS to ensure single nuclear growth.78, 82 Other factors affecting the 
silica coating include the type of alcohol used and the volume of alcohol to water. 
Generally, a decrease in polarity of the type of alcohol used results in poor, irregular 
morphology and large aggregation of silica coated particles. It has been reported 
however that the use of methanol leads to the formation of silica coated particles 
together with many ultrafine silica particles due to its relatively strong polarity. As 
such, ethanol is used as it gives regular shaped silica coated particles without the 
ultrafine particles.  





Scheme 2.2 Alkyne-azide and thiol-ene click reactions.83 
In 2001, Sharpless et al. described a new concept for conducting organic reactions, 
which was based upon the premise that organic synthesis should focus attention on 
highly selective, simple orthogonal reactions that do not yield side products and that 
give heteroatom-linked molecular systems with high efficiency under a variety of mild 
conditions.84 Several efficient reactions, which are capable of producing a wide 
catalogue of functional synthetic molecules and organic materials, have been defined 
accordingly under the term ‘click’ reactions. Molecular processes considered to fit all 
or most of criteria include certain cycloaddition reactions, such as the 
copper(I)-catalyzed 1,3-dipolar cycloaddition of azides and alkynes, and thiol-ene 
coupling reaction (Scheme 2.2).  
 
Alkyne-azide click reactions in particular have received the most attention, with 
applications extending to the synthesis of biomedical libraries, dendrimer preparation, 
synthesis of functional block copolymers, cross-linking of adhesives for metal 
substrates, synthesis of uniformly structured hydrogels, and derivatization of cellular 
surfaces.85-89 Extensive literature reports of the use of alkyne-azide and thiol-ene 
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reactions have clearly demonstrated the powerful applicability and value of 
quantitative and orthogonal click chemistry. However, there are still limited reports on 
the surface modification using such efficient ‘click’ methods. 
 
Muller groups has a pioneer work to use click reactions to surface-modify the polymer 
microspheres from distillation-precipitation polymerization.90 The surface modification 
of the PDVB microspheres by alkyne-azide and thiol-ene click reactions is a grafting 
to appraoch. The thermo-responsive PNIPAM-thiol and hydrophilic PHEMA-alkyne 
telechelic polymers are initially synthesized by RAFT polymerization and used as a 
precusor for the subsequent surface click reactions. the as-prepared PNIPAM-thiol 
telechelic chains has been grafted onto the PDVB microspheres by thiol-ene surface 
click reaction in acetonitrile.      
 
Polymeric materials have been applied in fields such as biomaterials, protective 
coatings, and electronic devices. In general, special surface properties such as chemical 
composition, hydrophobicity/hydrophilicity, roughness, conductivity are required for 
the success of these applications.91-93 Polymer materials such as hollow particles do not 
often possess the surface properties needed for these applications. Under such context, 
surface modification of core-shell hybrid microspheres and polymer hollow particles 






Chapter 3 Stimuli-responsive Polymeric Hollow 




Complex hollow microspheres, including stimili-responsive polymeric and 
mesoporous silica shells, have been fabricated from the silica/polymer alternating 






Recently, hollow micro- and nanospheres have attracted a great deal of attention 
because of their potential applications in catalysis, controlled drug delivery, paints, and 
as electronics materials.6, 9, 43 Various physical and chemical methods, including 
layer-by-layer assembly, colloidal crystal templating, and surface-initiated atom 
transfer radical polymerization (ATRP), have been developed for preparing functional 
hollow particles with different materials, such as carbons, polymers, metals, and 
inorganic materials.94 Efforts have also been made to broaden the range of potential 
applications by altering the properties of shell materials and by fabricating more 
sophisticated hollow structures, such as rattle-type hollow microspheres,49, 95 hollow 
spheres with controllable pore structure on surfaces,96 and hollow polymer ellipsoids.97 
In response to external stimuli, such as temperature,98 pH,99 ionic strength,100 electric 
field and magnetic flux, 11, 101-102 the “smart” hollow spheres can undergo reversible 
structural transition and self-adjustment of their physicochemical properties.1, 103 The 
inclusion of stimuli-responsive properties into these microstructures has allowed their 
unique application in biomaterials, for example, in anti-cancer drug delivery system, 
because of their increased functionality in comparison with the conventional inert 
structures.103-104  
 
Silica is a major constituent of modern industrial materials and has diverse applications. 
It is an essential element of living species, human beings included. Furthermore, silica 
has been approved as safe from US Food and Drug Adminstration (FDA). Silica-based 
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micro- or nanomaterials with hierarchical structures have been widely investigated to 
broaden their applications in adsorption and separation, catalysis, sensors and 
nanomedicine.105-106 Furthermore, if the size distribution of particles is narrow, 
physical and chemical properties are more uniform, thereby making it easier, for 
example, to formulate more sophisticated drug deliver system (DDS). The interaction 
with biological cells is dependent on the particle size and size distribution. In this 
context, the synthesis of hollow microspheres with stimuli-responsive properties and 
narrow size distribution warrant further exploration, and will be of both scientific and 
technological interest. Hollow inorganic particles, such as titania dioxide (TiO2) with 
complex structures and unique morphology have been prepared.95 However, there are 
limited reports on the fabrication of hollow silica microspheres with complex 
morphology, due to the complexity in synthesis procedures and difficulty in selective 
functionalization of the hollow microspheres. 
 
In this chapter, we describe the preparation of following stimuli-responsive hollow 
microspheres of well-defined morphology and size distribution via combined inorganic 
sol-gel process and distillation-precipitation polymerization. 
(i) pH-responsive poly(methacrylic acid) (PMAA) microspheres; 
(ii) Hierarchical pH-Resposnive double-shelled PMAA hollow microspheres;  




The as-prepared PMAA hollow microspheres can responde to different pH values of 
the medium (Scheme 3.1). The PMAA1 and PMAA2 double shells with different 
degrees of crosslinking allow hierarchical pH-response when the microspheres are 
used, for example, in DDS for the controlled or sustained release, and represent an 
overall improvement over the conventional single-shelled PMAA microspheres. The 
PMAA/PNIPAM hollow microspheres with a poly(methacrylic acid) (PMAA) inner 
shell and the poly(N-isopropylacrylamide) (PNIPMA) outer shell can respond 
independently to pH and temperature of the environment, respectively. Alternatively, 
calcination of the alternating silica/PMAA penta-layer hybrid microspheres could 
remove the polymer shells to obtain hollow silica microspheres with rattle-type silica 














3.2 pH-Responsive Hollow Polymeric Microspheres and Concentric Hollow Silica 
Microspheres from Silica-Polymer Core-Shell Microspheres  
 
Scheme 3.1 Schematic illustration of the preparation of pH-responsive PMAA hollow 
microspheres and concentric hollow silica microspheres. 
3.2.1 Experimental Section 
Materials 
Methacrylic acid (MAA, 99%) was purchased from Aldrich Chemical Company, Inc 
and was purified by vacuum distillation. Tetraethyl orthosilicate (TEOS, 98%), 
3-(trimethoxysilyl) propylmethacrylate (MPS, 98%) and ethylene glycol 
dimethacrylate (EGDMA, 98%) were all used as received from Aldrich Chemical 
Company, Inc. Doubly distilled water (DDW) and analytical grade acetonitrile and 
ethanol were used for the experimental processes. The Spectra-Por Dialysis 
membranes were obtained from Spectrum Laboratories, Inc. (molecular weight cut-off: 
12,000-14,000). 
Synthesis of SiO2-PMAA Core-shell and SiO2-PMAA-SiO2 Hybrid Microspheres 
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MPS modified silica templates were prepared according to the Stöber method. About 9 
mL of TEOS was added to a mixture of 150 mL of ethanol, 15 mL of DDW and 3 mL 
of ammonia. The mixture was vigorously stirred at room temperature for 24 h. Then 2 
mL of MPS was injected into the silica sol to introduce the carbon-carbon double 
bonds onto the surface of silica microspheres over a reaction period of 24 h. After the 
reaction, the resultant MPS modified silica particles (SiO2-MPS) were purified by five 
cycles of centrifugation and re-dispersion in ethanol and DDW. 
 
The SiO2-PMAA core-shell microspheres were prepared by distillation-precipitation 
polymerization of methacrylic acid in acetonitrile using EGDMA as a crosslinker. 
About 0.2 g of the SiO2-MPS seeds was dispersed into 80 mL of acetonitrile under 
ultrasonication in a 100-mL flask, equipped with a fractionation column, a condenser 
and a receiver. A mixture of MAA (0.82 ml, 0.01 mol), EGDMA (0.28 mL, 0.0015 mol, 
15 mol% relative to MAA) and 2,2′-azobisisobutyronitrile (AIBN, 0.02 g) was then 
added into the flask to initiate the polymerization. The reaction was allowed to proceed 
under reflux conditions. The reaction was completed within 1.5 h and after distilling 
off 40 mL of acetonitrile. The resultant SiO2-PMAA core-shell microspheres were 
purified by extraction with acetonitrile and ethanol five times to remove the un-reacted 
monomers and oligomers. 
 
The SiO2-PMAA-SiO2 tri-layer hybrid microspheres were synthesized by coating of an 
outer layer of silica on SiO2-PMAA core-shell microspheres in a sol-gel process. 
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About 0.1 g of SiO2-PMAA core-shell microspheres and 2.4 mL of ammonia were 
introduced into a water/ethanol (20 mL/160 mL) mixture under vigorous stirring. Then 
1 mL of TEOS was added drop-wise into the flask over a period of 1 h at room 
temperature. The sol-gel process was allowed to proceed for 24 h to obtain the 
SiO2-PMAA-SiO2 tri-layer hybrid composite microspheres. The resultant 
SiO2-PMAA-SiO2 tri-layer hybrid microspheres were purified using procedures similar 
to those for the SiO2-MPS seeds. The hybrid composite microspheres were dried in a 
vacuum oven at 50oC until a constant weight was obtained. 
 
Synthesis of pH-Responsive Hollow PMAA Microspheres and Concentric Hollow 
Silica Microspheres 
The pH-responsive PMAA hollow microspheres were prepared by removal of the SiO2 
core from the SiO2-PMAA core-shell hybrid microspheres. The SiO2-PMAA core-shell 
microspheres were stirred in 10% HF for 48 h. The excess quantities of HF and SiF4 
were expelled from the hollow PMAA microspheres by five 
centrifugation-redispersion cycles in ethanol and water. Then the PMAA hollow 
microspheres were dialyzed in double distilled water for one week. The concentric 
hollow silica microspheres were obtained by selective removal of the PMAA interlayer 




Field emission scanning electron microscopy (FESEM) and energy-dispersive X-ray 
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(EDX) analysis were carried out on a JEOL JSM-6700 scanning electron microscope. 
The microspheres were dispersed in ethanol, dropped onto a clean copper foil on an 
electron microscope stub, and dried at room temperature. The samples were then 
sputter coated with a thin Pd layer to increase the contrast and quality of the images. 
Transmission electron microscopy (TEM) images were obtained on a JEOL JEM-2010 
transmission electron microscope. Microspheres dispersed in ethanol were spread onto 
the surface of a copper grid coated with a carbon membrane and then dried in vacuum 
at room temperature. The dynamic laser scattering (DLS) measurements were 
performed on a Brookhaven 90 plus laser light scattering spectrometer at the scattering 
angle θ=90 o. The pH was adjusted by addition of HCl (0.01 M) or NaOH (0.01 M). 
For another set of samples, NaCl was also added to keep the solutions under a constant 
ionic strength at 0.01 M. The hollow PMAA microspheres in solutions of different pH 
were allowed to equilibrate for 48 h before measurement, although the equilibrium size 
was achieved in the first 0.5 h. The hydrodynamic diameter of particles was obtained 
by averaging the values from at least ten measurements. X-ray photoelectron 
spectroscopy (XPS) measurements were carried out on a Kratos AXIS HSi 
spectrometer equipped with a monochromatized Al Kα X-ray source (1468.6 eV 
photos). Fourier transform infrared spectra (FT-IR) analysis was carried out on a 
Bio-Rad FTS 135 Fourier transform infrared spectra spectrophotometer, and the 
diffuse reflectance spectra were scanned over the range of 400-4000 cm-1.  
 
The polydispersity index, or the size distribution, of the nanoparticles was determined 
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from the following statistical formula: 





















=    
PDI is the polydispersity index, Dn is the number-average diameter, Dw is the 
weight-average diameter and Di is the particle diameter. The calculation was based on 
the cumulative diameters of 50-100 nanospheres in an FESEM image. Coefficient of 
variation (CV = δ/Dn), defined as the ratio of the standard deviation to the mean, was 





















Figure 3.1 FESEM and TEM micrographs of (a) and (b) 3-(trimethoxysilyl) 
propylmethacrylate-silica (SiO2-MPS) seeds, (c) and (d) SiO2-PMAA core-shell 
microspheres, and (e) and (f) SiO2-PMAA-SiO2 tri-layer hybrid microspheres. 
Procedures for synthesizing  the 3-(trimethoxysilyl) propylmethacrylate-silica 
(SiO2-MPS) seed particles, silica-polymer hybrid composite microspheres, 
pH-responsive poly(methacrylic acid) (PMAA) hollow microspheres, and concentric 






SiO2-MPS seed particles with an average diameter of 290 nm were synthesized via the 
Stöber process. The FESEM and TEM images of the SiO2-MPS particles are shown in 
Figures 3.1a and b, respectively. The electron microscopic images indicate that the 
SiO2-MPS seeds have a spherical shape with a smooth surface. The FT-IR absorption 
spectrum of the SiO2-MPS particles shows a peak at 1630 cm-1 (Figure 3.2a), 
corresponding to the vinyl groups of MPS units on the microspheres. Thus, 
carbon-carbon double bonds have been introduced onto the surface of SiO2-MPS 
particles. 
 
Figure 3.2 FT-IR spectra: (a) 3-(trimethoxysilyl) propylmethacrylate-silica (SiO2-MPS) 
seeds, (b) SiO2-PMAA core-shell microspheres, (c) SiO2-PMAA-SiO2 tri-layer hybrid 
microspheres, (d) pH-responsive PMAA hollow microspheres, and (e) concentric 
hollow silica microspheres. 
The carbon-carbon double bonds on the surface of SiO2-MPS microspheres can serve 
as initiation sites in the subsequent surface-initiated polymerization process to produce 
the silica-polymer core-shell hybrid microspheres. Nearly monodispersed 
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silica-poly(methacrylic acid) (SiO2-PMAA) core-shell microspheres were prepared by 
distillation-precipitation polymerization of methacrylic acid in acetonitrile from the 
SiO2-MPS seed particles. Typical FESEM and TEM images of the SiO2-PMAA 
core-shell microspheres are shown in Figures 3.1c and d, respectively. The successful 
formation of a uniform polymeric shell on the surface of SiO2 core can be clearly 
observed in the TEM image due to the difference in contrast between the inorganic 
silica core and organic PMAA shell. The average particle size of the resultant 
SiO2-PMAA core-shell microspheres increases to 330 nm, from 290 nm for the 
SiO2-MPS seeds. Thus, the thickness of the newly formed PMAA shell is around 20 
nm. The FT-IR spectrum of the SiO2-PMAA microspheres (Figure 3.2b) shows a 
strong absorption peak at 1731 cm-1, corresponding to the stretching vibration of the 
carboxylic acid groups. The presence of the latter is consistent with the fact that the 
surfaces of SiO2 seeds are coated with a PMAA shell layer. The XPS wide scan spectra 
of the SiO2-MPS seed particles and SiO2-PMAA core-shell microspheres are shown in 
Figures 3.3a and b, respectively. The enhanced C 1s signal and the near disappearance 
of Si 2s and Si 2p signals in the XPS wide scan spectrum of SiO2-PMAA microspheres 
further confirm the grafting of a PMAA shell on the SiO2 core to a thickness greater 




Figure 3.3 XPS wide-scan spectra: (a) 3-(trimethoxysilyl) propylmethacrylate-silica 
(SiO2-MPS) seeds, (b) SiO2-PMAA core-shell microspheres, (c) SiO2-PMAA-SiO2 
tri-layer hybrid microspheres, (d) pH-responsive PMAA hollow microspheres, and (e) 
concentric hollow silica microspheres. 
The outer silica layer of the tri-layer hybrid microspheres was coated directly on the 
SiO2-PMAA core-shell microspheres via condensation hydrolysis of TEOS in the 
so-gel process, as shown in Scheme 3.1. The FESEM and TEM images of the resultant 
SiO2-PMAA-SiO2 tri-layer hybrid microspheres of uniform shape and size are shown 
in Figures 3.1e and f, respectively. The particle size has increased significantly to ~560 
nm. The enlarged image of the composite microspheres in the inset of Figure 3.1f 
reveals the tri-layer morphology of the concentric hybrid multilayer structure, in which 
the PMAA interlayer with a low contrast is sandwiched between the silica core and the 
silica outer shell. No secondary silica particles from self-nucleation were observed. 
The driving force for the formation of the silica outer layer is probably due to the 
hydrogen-bonding interaction of the carboxylic acid groups on the SiO2-PMAA 
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microspheres with the hydroxyl groups during condensation hydrolysis of TEOS in the 
sol-gel process. The FT-IR spectrum of the SiO2-PMAA-SiO2 tri-layer microspheres 
(Figure 3.2c) shows a decrease in the absorption intensity of the carbonyl groups, 
while the wide-scan XPS spectrum (Figure 3.3c) of the microspheres reveals a 
substantial increase in the Si/C ratio, consistent with the presence of a silica shell on 
the resultant tri-layer hybrid composite microspheres. 
  
  
Figure 3.4 FESEM and TEM micrographs: (a) and (b) pH-responsive PMAA hollow 









Figure 3.5 EDX analysis spectra: (a) SiO2-PMAA core-shell microspheres, and (b) 
pH-responsive hollow PMAA microspheres. 
HF etching of the SiO2-PMAA core-shell microspheres removes the SiO2 core and 
produces pH-responsive PMAA hollow microspheres. The well-defined hollow 
structure of the resultant PMAA microspheres with flexible or deformable shells can 
be readily observed in the respective FESEM and TEM images of Figure 3.4a and b. 
The FESEM and TEM images reveal that the PMAA polymer shell remains very 
flexible, due to the low degree of crosslinking, after removal of the SiO2 core. The 
hollow microspheres remain flexible and tend to deform after being dried at room 
temperature. No agglomeration of the hollow spheres was observed. The 





hollow PMAA microspheres confirm that the silica cores have been removed from the 
SiO2-PMAA core-shell microspheres. The successful preparation of PMAA hollow 
microspheres is also confirmed by energy-dispersive X-ray (EDX) analysis. In 
comparison with the EDX spectrum of the SiO2-PMAA core-shell microspheres 
(Figure 3.5a), the resultant hollow PMAA microspheres (Figure 3.5b) shows a marked 
increase in C content and a barely discernible Si signal in the EDX spectrum, 
consistent with the successful removal of SiO2 core to obtain the hollow PMAA 
microspheres. 














Figure 3.6 Hydrodynamic diameter (Dh) of PMAA hollow microspheres as a function 
of pH in the (a) absence and (b) presence of added NaCl to maintain a constant ionic 
strength at 0.01M. 
Since the sensitivity of the hollow particles towards the change in pH of the 
environment is the basic requirement for their use in controlled drug release system, 
pH-responsive behavior of the PMAA hollow microspheres in solutions of different pH 
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was investigated. The hydrodynamic diameters of the PMAA hollow microspheres as a 
function of varying pH were determined by dynamic laser scattering (DLS). The 
results are shown in Figure 3.6. The hydrodynamic size of the resultant PMAA hollow 
microspheres increases significantly from 340 nm at pH < 4 to 520 nm at pH > 8 
(Curve a). This change in size is due to the ionization of the carboxylic acid groups in 
the PMAA shell at high pH values, resulting in Donnan osmotic swelling of the 
polymer. The structure of shell layer can be switched reversibly from a collapsed state 
to a swollen state under different pH. The pH response and the equilibrium size of the 
hollow microspheres are usually attained within about 0.5 h after the pH adjustment. A 
similar trend of size change in response to pH change is observed under the condition 
of constant ionic strength of 0.01 M maintained by the added NaCl (Curve b). The 
slight decrease in relative hydrodynamic size of the PMAA hollow microspheres is 
probably due to the shielding of the carboxylic anions and the reduced osmotic 
swelling of the microspheres in the salt solution. Agglomeration of the hollow PMAA 
microspheres occurs at pH < 3. The property can be used to isolate the hollow 
microspheres after loading of the objective drugs under high pH. This behavior is 
similar to that of the poly(acrylic acid) (PAA) nanocontainers reported in the 
literature.100 The polydispersity indexes of the resultant pH-responsive hollow PMAA 
microspheres, as measured by DLS, remain in the range of 1.15-1.20 in the pH range 
of 4 to 8. Thus, the polydispersity of hollow PMAA microspheres was not affected by 
pH of the environment. The hollow PMAA microspheres are expected to be used for 





The unique morphology of concentric hollow structure has been explored for chemical 
diffusion across the polymer shell and photo-catalytic activity with high efficiency. 
Concentric hollow silica microspheres with a movable silica core can be obtained by 
removal of the polymer interlayer in the SiO2-PMAA-SiO2 tri-layer hybrid 
microspheres, as illustrated in Scheme 3.1. Figures 3.4c and d show the FESEM and 
TEM images of the resultant concentric hollow silica microspheres obtained by 
selective removal of the PMAA interlayer during calcination at 700oC for 3 h. The 
spherical shape is maintained after calcination of the tri-layer hybrid microspheres, 
consistent with the robust and rigid nature of the inorganic silica shell. The ruptured 
concentric hollow silica microspheres in the inset of Figure 3.4c were obtained by 
grinding the microspheres lightly after calcination. The ruptured microspheres reveal 
the unique hollow structure with a ~70 nm thick outer shell and an inner sphere of 
~290 nm in diameter. From the TEM image (Figure 3.4d), the silica inner spheres are 
no longer located in the centre, but are dislodged in the interior of the hollow silica 
microspheres. Thus, the silica core is free to move within the silica shell of the hollow 
microsphere. The disappearance of the carboxylic acid absorption peak in the FT-IR 
spectrum (Figure 3.2e) confirms that the PMAA interlayer has been successfully 
removed from the SiO2-PMAA-SiO2 tri-layer hybrid microspheres to result in the 
unique concentric hollow structure. Thus, the present method offers an alternative 
approach to the preparation of monodispersed organic and inorganic hollow 
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microspheres with unique morphology and properties from the same silica-polymer 
core-shell precursors. The size of the silica core can be controlled through the Stöber 
synthesis. The thickness of the polymer interlayer and the silica outer layer can also be 





















3.3 Alternating Silica/Polymer Multilayer Hybrid Microspheres Templates for 
Double-shelled Polymer and Inorganic Hollow Microstructures  
 
Scheme 3.2 Schematic illustration of the synthesis of PMAA1-PMAA2 hollow 
microspheres with pH-responsive asymmetric double shells and silica ‘core-double 
shell’ hollow microspheres. 
3.3.1 Experimental Section 
Synthesis of Alternating Silica/poly(methacrylic acid) (SiO2/PMAA) Multilayer 
Hybrid Microspheres 
The SiO2/PMAA1/SiO2/PMAA1 tetra-layer hybrid microspheres were prepared by a 
combined approach of sol-gel process and distillation-precipitation polymerization. 
About 9 mL of tetraethyl orthosilicate (TEOS) was added to a mixture of 150 mL of 
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ethanol, 15 mL of double distilled water and 3 mL of ammonia (25 wt%). The mixture 
was stirred vigorously at room temperature for 24 h. About 2 mL of 3-(trimethoxysilyl) 
propylmethacrylate (MPS, 98%) was then introduced dropwise into the silica sol over 
a reaction period of 24 h, to introduce the carbon-carbon double bonds onto the surface 
of silica template cores. The MPS modified silica particles (SiO2-MPS) were purified 
by five cycles of centrifugation (at 8000 rpm in an Eppendorf 5801 Centrifuge) and 
redispersion in a 1:1 (v:v) mixture of ethanol and water. 
  
To prepare the SiO2/PMAA1 core-shell microspheres, about 0.2 g of the SiO2-MPS 
seeds were dispersed into 80 ml of acetonitrile under ultrasonication in a 100-mL flask, 
equipped with a fractionation column, a condenser and a receiver. A mixture of 
methacrylic acid (MAA, 0.82 mL or 0.01 mol, Aldrich Chemical Company, purified by 
vacuum distillation), ethylene glycol dimethylacrylate (EGDMA, crosslinking agent, 
0.28 mL, or 15 mol% relative to MAA) and 2,2′-azobisisobutyronitrile (AIBN, 0.02 g) 
was then introduced into the flask to initiate the polymerization. The reaction was 
allowed to proceed under reflux condition. The reaction was stopped in about 2 h after 
distilling off 40 mL of acetonitrile. The resultant SiO2/PMAA1 core-shell microspheres 
were purified by extraction with acetonitrile and ethanol five times to remove the 
un-reacted monomers and oligomers. The degree of crosslinking in the PMAA shell 
was tuned by adjusting the concentration of crosslinking agent (EGDMA) in the 
reactant feed. The SiO2/PMAA2 core-shell microspheres were prepared via the 
distillation-precipitation polymerization process described above with an EGDMA 
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feed concentration of 30 mol%.  
 
The SiO2/PMAA1/SiO2 tri-layer hybrid microspheres were synthesized by coating of 
an outer silica-MPS layer on the resultant SiO2-PMAA1 core-shell particles via the 
sol-gel process described above. About 0.15 g of the SiO2-PMAA core-shell 
microspheres and 2.4 mL of ammonia were introduced into a water/ethanol (20 
mL/160 mL) mixture under vigorous stirring. Then 0.8 mL of TEOS was added 
drop-wise into the flask at room temperature and the reaction mixture was stirred for 
24 h. About 0.2 mL of MPS was then introduced dropwise into the silica sol and the 
reaction mixture was stirred for another 24 h to introduce the carbon-carbon double 
bonds onto the surface of silica outer shell. The resultant SiO2-PMAA-SiO2 tri-layer 
hybrid microspheres were purified and dried using procedures similar to those 
described for the SiO2-MPS seeds. For the preparation of mesoporous silica shell, 
cetyltrimethyl ammonium bromide (CTAB, 0.24 g) surfactant was added to the above 
reaction system to produce the CTAB/silica composite outer layer in the sol-gel 
process, followed by repeated calcination at 550oC for 6 h, or 700oC for 3 h. 
 
The SiO2/PMAA1/SiO2/PMAA2 tetra-layer hybrid microspheres were synthesized by 
distillation-precipitation polymerization from the tri-layer hybrid microspheres in 
acetonitrile with an increased concentration (30 mol%) of the EGDMA crosslinking 
agent. The procedures were similar to those used for the synthesis of PMAA1 layer in 
the presence 15 mol% crosslinking agent, as described above. For the PMAA2 layer, 
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the distillation-precipitation polymerization process was performed twice to achieve a 
high monomer conversion and desired thickness. The 
SiO2/PMAA1/SiO2/PMAA2/SiO2 penta-layer hybrid microspheres were synthesized 
via the sol-gel process described above, using TEOS feed concentration of 0.025 or 
0.04 M to further coat another silica layer on the SiO2/PMAA1/SiO2/PMAA2 
tetra-layer microspheres. 
 
Synthesis of Concentric PMAA Double-shelled Hollow Microspheres and Silica 
‘Core-Double Shell’ Hollow Microspheres 
PMAA hollow microspheres and concentric PMAA hollow microspheres with 
asymmetric double shells for differential pH response were prepared by removal of the 
silica core and layer from the respective SiO2/PMAA1, SiO2/PMAA2 and 
SiO2/PMAA1/SiO2/PMAA2 hybrid microspheres in 10% HF for 48 h. The hollow 
polymer microspheres were cleaned with a 1:1 (v:v) mixture of ethanol and water. The 
etching process was repeated two times to remove the silica layers completely. The 
concentric silica ‘core-double shell’ hollow microspheres were obtained by selective 
removal of the PMAA1 and PMAA2 layers of the SiO2/PMAA1/SiO2/PMAA2/SiO2 
penta-layer hybrid microspheres during repeated calcination at 700oC for 3 h. 
Doxorubicin hydrochloride (DOX)-loaded hollow microspheres were prepared by 
dispersing about 2 mg of the hollow microspheres in 10 mL of 0.1 mg/mL aqueous 
solution of DOX. The loading of DOX into the hollow microspheres was allowed to 
proceed, under gentle agitation at pH 7 and room temperature, for 48 h. The 
51 
 
DOX–loaded hollow microcapsules were collected by centrifugation at 8000 rpm and 
washed twice with water of pH below 4 to completely remove the free and adsorbed 
DOX on the PMAA shell, prior to being freeze dried. For the release of DOX, 3 mL of 
phosphate-buffered solution (PBS) containing 2 mg of the DOX-loaded microcapsules 
were introduced into the dialysis membrane bag with a molecular-weight cut-off of 
12-14,000 (Spectra/Por, Spectrum Laboratories, Inc.). The dialysis bag was then 
immersed in 50 mL of PBS at pH 7.4 and 37 oC. A portion of the solution was removed 
periodically from the dialysis cassette and characterized by UV-visible absorption 
measurement at the wavelength of 486 nm to determine the concentration of DOX 
released. The solution was then returned to the dialysis cassette. The percentage of 
DOX released was calculated from the ratio of the absorbance of DOX released into 













3.3.2 Results and Discussion 
Procedures for the synthesis of SiO2-MPS core, SiO2/PMAA1 core-shell, 
SiO2/PMAA1/SiO2 tri-layer and SiO2/PMAA1/SiO2/PMAA2 alternating tetra-layer 
microspheres are shown in Scheme 3.2. The silica core and shells were prepared via 
the sol-gel reaction. The carbon-carbon double bonds of MPS on the surface of silica 
core and shell serve as the growth sites during the subsequent distillation-precipitation 
polymerization. The FT-IR spectrum of the SiO2/PMAA1/SiO2 tri-layer microspheres 
is shown in Figure 3.7a. The strong absorption peak at 1630 cm-1 is associated with the 
vinyl group of MPS on the silica. The PMAA layers were produced by 
distillation-precipitation polymerization. The polymerization technique has been used 
to synthesize core-shell and hollow micro- or nanospheres of small polydispersity 
index (PDI).  
 
Figure 3.7 FT-IR spectra of the (a) SiO2/PMAA/SiO2 tri-layer microspheres, (b) 
SiO2/PMAA1/SiO2/PMAA2 tetra-layer microspheres. 
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Different degrees of crosslinking in the PMAA1 and PMAA2 shell were achieved by 
using different concentrations of the crosslinking agent, ethylene glycol 
dimethylacrylate (EGDMA), during polymerization. The carboxylic acid groups on the 
PMAA shells are utilized in the hydrogen-bonding interactions during condensation 
hydrolysis of TEOS in the sol-gel reaction to form the new silica shell. The absorption 
peak at 1729 cm-1 in the FT-IR spectrum of the SiO2/PMAA1/SiO2/PMAA2 tetra-layer 
microspheres in Figure 3.7b is associated with stretching vibration of carbonyl groups 
of the PMAA segments introduced by distillation-precipitation polymerization. The 
average diameters of the SiO2-MPS core, SiO2/PMAA1 core-shell, SiO2/PMAA1/SiO2 
tri-layer and SiO2/PMAA1/SiO2/PMAA2 tetra-layer microspheres are about 290, 330, 
486 and 638 nm, respectively, as determined from transmission electron microscopy 
(TEM) images. TEM images of the well-defined SiO2/PMAA1/SiO2 tri-layer and 
SiO2/PMAA1/SiO2/PMAA2 tetra-layer microspheres are shown in Figures 3.8a and b, 
respectively.  
  
Figure 3.8 TEM micrographs of the (a) SiO2/PMAA/SiO2 tri-layer microspheres, (b) 
SiO2/PMAA1/SiO2/PMAA2 tetra-layer microspheres. 
pH-Responsive single-shelled PMAA1 hollow microspheres and double-shelled 




HF etching, of the silica core from the SiO2/PMAA1 core-shell microspheres, and both 
the silica core and shell from the SiO2/PMAA1/SiO2/PMAA2 tetra-layer hybrid 
microspheres. Since the PMAA1 and PMAA2 shells in the hollow microspheres are 
synthesized with different degrees of crosslinking (PMAA1 with 15 mol% EGDMA 
and PMAA2 with 30 mol% EGDMA, both with respect to MAA monomer 
concentration in the reactant feed), the resulting double shells of the PMAA1-PMAA2 
hollow microspheres are structurally asymmetric in terms of degrees of crosslinking.  
    
  
Figure 3.9 FESEM and TEM micrographs of the (a) and (c) single-shelled PMAA1 
hollow microspheres, (b) and (d) double-shelled PMAA1-PMAA2 hollow 
microspheres. The inset in (b) is the TEM image of the SiO2/PMAA1/SiO2/PMAA2 
tetra-layer microspheres. 





PMAA1 and PMAA1-PMAA2 hollow microspheres are shown in Figures 3.9a and b, 
respectively. The biconcave shape of the single-shelled PMAA1 hollow microspheres, 
similar to that of the red blood cells (RBCs) in human beings, is readily discernible in 
Figures 3.9a. In comparison with the flexible and deformable PMAA1 hollow 
microspheres, the PMAA1-PMAA2 hollow microspheres with asymmetric double 
shells are more robust and more rigid (Figure 3.9b). The higher degree of crosslinking 
in the PMAA2 outer shell must have helped to maintain the spherical framework. The 
hollow structures of PMAA1 and PMAA1-PMAA2 microspheres are discernible from 
the corresponding TEM images in Figures 3.9c and d. The shell thickness of the 
PMAA1 microspheres and combined double-shell thickness (inclusive of the 
inter-shell spacing) of the PMAA1-PMAA2 hollow microspheres are about 42 and 190 
nm, respectively, as deduced from the TEM images in Figures 3.9c and d. The 
successful removal of the silica core and layer from the tetra-layer hybrid microspheres 
is suggested by the disappearance of Si signal in the energy-dispersive X-ray (EDX) 
spectrum of PMAA1-PMAA2 hollow microspheres (Figure 3.10). 
 
Biological systems, such as cell membranes and chameleons, adapt to their 
surroundings by undergoing reversible structural and functional changes in response to 
external stimuli. Phospholipids bilayer membranes are structurally and functionally 
asymmetric. They can prevent useful molecules inside the cell from leaking out and 
unwanted molecules from diffusing in. Efforts have been made to mimic the biological 




Figure 3.10 EDX spectra of (a) the SiO2/PMAA1/SiO2/PMAA2 tetra-layer hybrid 
microspheres, and (b) the corresponding double-shelled PMAA1-PMAA2 hollow 
microspheres. 
To further investigate the asymmetric shell architecture in the present hollow 
microspheres, the pH-dependent hydrodynamic diameters of the double-shelled 
PMAA1-PMAA2 hollow microspheres were characterized by dynamic laser scattering 
(DLS). Figure 3.11 shows the changes in dimension of the PMAA1 and 
PMAA1-PMAA2 hollow microspheres induced by pH of the dispersing media. For 
a:  SiO2/PMAA1/SiO2/PMAA2 
b:  PMAA1-PMAA2 
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both types of microspheres, the volume of the microspheres changes considerably as a 
function of pH. With increasing pH of the medium, the acrylic acid groups are ionized 
and the capsules assume a swollen or “open” structure. The pH-dependent volume 
changes are reversible. For the single-shelled PMAA1 microcapsules or the inner shell 
of the double-shelled PMAA1-PMAA2 microspheres, the hydrodynamic volume 
((Rh/Rh,0)3, Rh,0 = hydrodynamic radius at pH 4) increases by a factor of 3.6 when the 
pH of the medium is increased from 4 to 8. Compared to that of the PMAA1 inner 
shell, the volume of the highly crosslinked PMAA2 outer shell in the 
PMAA1-PMAA2 hollow microspheres increases only by a factor of 2.9 when the pH 
of medium is increased from 4 to 8. Thus, the more highly crosslinked PMAA2 shell is 
less responsive to changes in pH of the environment than the PMMA1 inner shell.  
 
Figure 3.11 Changes in relative hydrodynamic volume of the (a) single-shelled 
PMAA1 hollow microspheres and (b) double-shelled PMAA1-PMAA2 hollow 
microspheres as a function of pH. 
58 
 
                
   
Figure 3.12 (a) CLSM image of the double-shelled PMAA1-PMAA2 hollow 
microspheres loaded with doxorubicin hydrochloride (DOX). (b) Release profiles of 
DOX from single-shelled PMAA1 hollow microspheres and asymmetric 
double-shelled PMAA1-PMAA2 hollow microspheres. 
The so-obtained PMAA1-PMAA2 hollow microspheres with differential 
pH-sensitivity of the double shells provide unique structural features to 
regulate/control the diffusion of guest molecules in and out of the hollow structures. 
Doxorubicin (DOX) is a well-known antibiotic used in the treatment of a wide range of 
tumors. However, cardiotoxicity of the drug is a major drawback, limiting its 





heart muscle. Herein, the anticancer drug of DOX was used and loaded into the 
single-shelled PMAA1 hollow microspheres and double-shelled PMAA1-PMAA2 
hollow microspheres to study the sustained release behavior. The confocal laser 
scanning microscopy (CLSM) image of the DOX-loaded PMAA1-PMAA2 hollow 
microcapsules is shown in Figure 3.12a. The loading capacities of DOX in the PMAA1 
and PMAA1-PMAA2 hollow microcapsules are about 16 and 18 μg/mg, as determined 
from the difference in DOX concentration between the original aqueous solution and 
the supernatant after the loading process. Figure 3.12b shows the kinetic of DOX 
release from single-shelled PMAA1 and double-shelled PMAA1-PMAA2 hollow 
microspheres under physiological conditions (phosphate-buffered solution or PBS, at 
pH 7.4 and 37oC). The rate of DOX release from the PMAA1-PMAA2 hollow 
microcapsules is considerably slower, with half of the drug being released in about 80 
h, in comparison to only about 30 h for its single-shelled PMAA1 counterpart.  
 
Polyelectrolyte microcapsules, prepared via the layer-by-layer deposition technique 
and with permeability properties, have been widely explored for encapsulation and 
stimuli-responsive controlled release. To determine the effect of double layer and 
degree of shell crosslinking on the DOX release rate, the single-shelled PMAA2 
hollow microspheres were also synthesized in the presence of 30% crosslinking agent, 
using procedures similar to those for the preparation of the outer shell of the 
double-shelled microspheres. The rate of DOX release from the double-layered 
(PMAA1-PMAA2) microspheres is compared to those from the corresponding 
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single-layered (PMAA1 and PMAA2) microspheres (Table 3.1).  
Table 3.1 Comparison of the DOX release rates from the single and double-shelled 
PMAA hollow microspheres. 










PMAA 1 15 42 34 
PMAA 2 30 40 31 
PMAA1-MAA2 15-30 190c 26 
aThe shell thickness of the hollow microspheres was determined from the TEM images; 
bThe % of DOX released was calculated from the ratio of the absorbance of the drug in 
the solution after 6 h of release and the initial absorbance of colloidal suspension of 
DOX-loaded microspheres; cInclusive of the space between the shells. 
The percentage of DOX released was calculated from the ratio of the absorbance of the 
drug in the solution after 6 h of release and the initial absorbance of colloidal 
suspension of DOX-loaded microspheres. The more highly crosslinked PMAA2 
microcapsules showed a sustained release, in comparison with that of the PMAA1 
hollow microspheres of a lower degree of crosslinking. The release was further 
retarded in the PMAA1-PMAA2 double-shelled hollow microspheres with a combined 
shell thickness (including the inter-shell spacing) of about 190 nm. Thus, the sustained 
release rate arises from the combined effects of the double-layered structure110 and the 
increased degree of crosslinking, and cannot be attributed to the adsorption of DOX on 
the shell surface. After all, the adsorbed DOX on the PMAA shell would have been 
removed when the DOX-loaded microspheres were washed/with water of pH below 4. 
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The thickness of each PMAA and silica layer can be tuned, through the simple 
adjustment of reaction time and monomer/precursor (MAA/TEOS) concentration, to 
further tailor or control the release properties of the hollow microspheres.  
  
Figure 3.13 FESEM images of hollow microspheres after loading and releasing of 
doxorubicin hydrochloride (DOX): (a) single-shelled PMAA1 and (b) double-shelled 
PMAA1-PMAA2. 
The stability of hollow microspheres is one of the most important criteria governing 
their practical applications. The FESEM images of single-shelled PMAA1 and 
double-shelled PMAA1-PMAA2 hollow microspheres, after loading and releasing of 
DOX, are shown in Figures 3.13a and b, respectively. Although the hollow particles 
have been subjected to solvent and acid extraction, centrifugation, and drug 
encapsulation and release, their structure and morphology remain intact. Thus, the 
polymer hollow microspheres with crosslinked single or double shells exhibit good 




               
  
Figure 3.14 TEM images of the SiO2/PMAA1/SiO2/PMAA2/SiO2 penta-layer hybrid 
microspheres with different outer SiO2 shell thickness controlled by TEOS feed 
concentration of (a) 0.025 M and (b) 0.04 M during the synthesis from the 
SiO2/PMAA1/SiO2/PMAA2 tetra-layer microspheres. (c) The TEM image of an 
enlarged SiO2/PMAA1/SiO2/PMAA2/SiO2 penta-layer microsphere from (b). (d) The 
silica ‘core-double shell’ hollow microspheres after repeated calcination at 700 oC for 
3 h of the penta-layer microspheres in (b).  
The combined approach of inorganic sol-gel process and polymer synthesis provides 
the opportunity for developing more sophisticated microstructure to mimic the 
complex biological systems. The TEM images of SiO2/PMAA1/SiO2/PMAA2/SiO2 
penta-layer hybrid microspheres of different outer silica shell thickness, obtained by 
using different TEOS feed concentrations (0.025 M and 0.04 M) in the sol-gel process 
to further coat another silica layer on the SiO2/PMAA1/SiO2/PMAA2 tetra-layer 
microspheres, are shown in Figures 3.14a and b, respectively. The enlarged TEM 






microspheres of Figure 3.14b. The void between the PMAA2 layer and the SiO2 outer 
layer is probably caused by the different degrees of shrinkage between the soft 
polymer layer and the hard inorganic silica outer shell during the process of drying. 
  
Figure 3.15 Field-emission TEM micrographs of the mesoporous structure of silica 
outer shell in the concentric silica ‘core-double shell’ microspheres prepared via 
repeated calcination at 550oC for 6 h. 
As an alternative to concentric hollow polymer microspheres from removal, by HF 
etching, of the inorganic silica layers of the silica/polymer hybrid microspheres, 
concentric hollow silica microspheres can also be prepared by removal of the polymer 
layers via calcination at an elevated temperature. Figure 3.14d shows the TEM image 
of silica ‘core-double shell’ hollow microspheres from repeated calcination at 700oC 
for 3 h of the penta-layer microspheres of Figure 3.14b. In comparison with the 
morphology of the penta-layer microspheres before calcination in Figure 3.14b, the 
PMAA1 and PMAA2 layers have disappeared and larger voids have formed between 
the silica core and the two shells. This unique microstructure can serve as reaction 
cages, or reactors of micrometer scale, for confined reactions. To facilitate molecules 




introduced into the silica shell via addition of a surfactant, such as cetyltrimethyl 
ammonium bromide (CTAB), during the sol-gel reaction. Well-defined mesoporous 
structure in the silica outer shell is readily observed in the FETEM images (Figures 
3.15a and b) after decomposition or removal of the CTAB surfactant.105, 111 The 
mesoporous silica shell has a specific surface area (SSA) of 29 m2/g and a mean pore 
size of 19 Å, as determined from the nitrogen adsorption-desorption isotherms in 
Figure 3.16.  






































Figure 3.16 Nitrogen adsorption-desorption isotherms and the corresponding pore size 
distribution (inset) in the mesoporous silica outer shell of the concentric silica 








3.4 Narrowly Dispersed Double-walled Concentric Hollow Polymeric 
Microspheres with Independent pH and Temperature Sensitivity 
 
Scheme 3.3 Schematic illustration of the preparation of polymer/silica alternating 
hybrid microspheres and double-shelled concentric hollow polymeric microspheres 
with independent sensitivity to pH and temperature. 
3.4.1 Experimental Section 
Synthesis of Silica/Polymer Multilayer Hybrid Microspheres and the 
Corresponding Hollow Microspheres 
The MPS-modified silica templates were prepared according to the Stöber method. 
About 9 mL of TEOS was added to a mixture of 150 mL of ethanol, 15 mL of DDW 
and 3 mL of ammonia. The mixture was stirred vigorously at room temperature for 24 
h. Then, 2 mL of MPS was injected into the silica sol over a reaction period of 24 h, to 
introduce the carbon-carbon double bonds onto the surface of silica microspheres. 
After the reaction, the resultant MPS modified silica particles (SiO2-MPS) were 
purified by five cycles of centrifugation and re-dispersion in ethanol and doubly 
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distilled water. The SiO2/PMAA core-shell microspheres were prepared by 
distillation-precipitation polymerization of methacrylic acid in acetonitrile using 
EGDMA as a crosslinker. Briefly, about 0.2 g of the SiO2-MPS seeds was dispersed 
into 80 ml of acetonitrile under ultrasonication in a 100-mL flask, equipped with a 
fractionation column, a condenser and a receiver. A mixture of MAA (0.82 mL, 0.01 
mol), EGDMA (0.28 mL, 0.0015 mol, 15 mol% relative to MAA) and 
2,2′-azobisisobutyronitrile (AIBN, 0.02 g) was then introduced into the flask to initiate 
the polymerization. The reaction was allowed to proceed under reflux condition. The 
reaction was stopped within 1.5 h by distilling off 40 mL of acetonitrile. The resultant 
SiO2-PMAA core-shell microspheres were purified by extraction with acetonitrile and 
ethanol five times to remove the un-reacted monomers and oligomers. The 
SiO2/PMAA/SiO2 tri-layer hybrid microspheres were synthesized by coating of an 
outer silica layer on SiO2-PMAA core-shell microspheres via the Stöber reaction 
described above. About 0.15 g of the SiO2-PMAA core-shell microspheres and 2.4 mL 
of ammonia were introduced into a water/ethanol (20 mL/160 mL) mixture under 
vigorous stirring. About 0.8 mL of TEOS was added drop-wise into the flask over a 
period of 1 h at room temperature. The mixture was vigorously stirred at room 
temperature for 6 h. Then, 0.2 mL of MPS was injected into the silica sol to introduce 
the carbon-carbon double bonds onto the surface of silica microspheres over a period 
of 18 h. After the reaction, the resultant MPS modified SiO2/PMAA/SiO2 tri-layer 
hybrids were purified by five cycles of centrifugation and re-dispersion in ethanol. The 
SiO2/PMAA/SiO2/PNIPAM tetra-layer hybrid microspheres were synthesized by 
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distillation precipitation polymerization in acetonitrile with NIPAM and MBA as the 
monomer and crosslinker, respectively. The procedures were similar to those used for 
the synthesis of PMAA layer as described above. 
 
The pH-responsive hollow PMAA microspheres and the dual stimuli-responsive 
double-walled concentric hollow PMAA-PNIAPM were prepared by removal of the 
silica layer from the SiO2/PMAA core-shell microspheres and the 
SiO2/PMAA/SiO2/PNIPAM tetra-layer hybrid microspheres, respectively. The 
multilayer hybrid microspheres were stirred in 10% HF for 48 h. The excess HF and 
SiF4 were extracted from the hollow microspheres by five centrifugation/redispersion 
cycles in ethanol and water. The etching process was repeated two times to remove the 
silica layers completely. Finally, the hollow structures were dialyzed in double distilled 
water for two weeks. 
 
Doxorubicin hydrochloride (DOX, Bor yung, Pharmaceutical Co. Ltd., Seoul, Korea) 
was dissolved in 0.9 wt% NaCl solution to a concentration of 0.1 mg/mL. About 2.0 
mg of the double-walled PMAA-PNIPAM concentric hollow microspheres was 
suspended in this DOX solution. The loading of the DOX was allowed to take place 
for 48 h at room temperature and pH~7. The temperature and pH of the solution were 
then adjusted to 40oC and 4, respectively, in the subsequent 2 h to induce shrinkage of 
the shells. The DOX-loaded microspheres were collected by centrifugation at 8000 
rpm. The DOX-loaded hollow microspheres were then equilibrated in an aqueous 
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medium to obtain the release profile. At the first 12 h, the temperature and pH kept at 
40oC and 4, respectively. The temperature was subsequently adjusted to 25 oC, while 
maintaining the solution pH at 4, to release DOX through the outer PNIPAM shell in 
the following 12 h. Finally, the pH of the medium was adjusted to 6 to release DOX to 
release DOX from the inner PMAA shell. The solution was removed periodically and 


















3.4.2 Results and Discussion 
The synthesis procedures for the silica-polymer multilayer hybrid microspheres, and 
their corresponding hollow structures, are shown in Scheme 3.3. Initially, uniform 
silica-3-(trimethoxysilyl) propylmethacrylate (SiO2-MPS) composite microspheres 
with an average diameter of 290 nm were synthesized via the sol-gel process, 
involving tetraethyl orthosilicate (TEOS) and MPS. The carbon-carbon double bonds 
present on the surface of the microspheres allow distillation precipitation 
polymerization of methacrylic acid in acetonitrile, with 2,2′-azobisisobutyronitrile 
(AIBN) as initiator, to form an outer PMAA shell. After removal of the silica core from 
the resultant SiO2/PMAA core-shell structures, pH-responsive hollow PMAA 
micropsheres were obtained. The SiO2/PMAA/SiO2 tri-layer and 
SiO2/PMAA/SiO2/PNIPAM tetra-layer hybrids were synthesized subsequently from 
the SiO2/PMAA core-shell microspheres by alternating the sol-gel and distillation 
precipitation polymerization processes. The concentrations of ethylene glycol 
dimethacrylate (EGDMA) and N,N′-Methylene bisacrylamide (MBA) cross-linkers 
were controlled at 15 mol% and 20 mol%, respectively, for the formation of 
corresponding PMAA and PNIPAM layers. Finally, nearly monodispersed 
double-walled concentric hollow PMAA-PNIPAM microspheres were obtained by 
selective removal of the inorganic silica core and interlayer by HF treatment for 48 h. 
The concentric hollow double-walled microspheres are stable in many organic solvents, 






Figure 3.17 TEM and FESEM micrographs of (a) the SiO2/PMAA/SiO2 tri-layer 
microspheres with the polymerization time of the outer layer fixed at 24 h, (b) and (c) 
the SiO2/PMAA/SiO2/PNIPAM tetra-layer microspheres, and the PMAA-PNIPAM 
double-walled concentric hollow microspheres (d) before and (e) after exposure to an 
aqueous medium of pH=10 and 25oC and (f) pH=4 and 25oC. 
The transmission electron microscopy (TEM) image of the SiO2/PMAA/SiO2 tri-layer 
hybrid microspheres of uniform shape and size distribution is shown in Figure 3.17a. 
The PMAA inter-layer has a lower contrast than the two silica layers. The size of the 
spheres has increased to about 506 nm in diameter, after incorporation of the outer 
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SiO2 layer. The FT-IR spectrum of the SiO2/PMAA/SiO2 tri-layer hybrids shows an 
absorption peak at 1636 cm-1 (Figure 3.18a), attributable to the vinyl groups of MPS. 
Thus, carbon-carbon double bonds have again been introduced onto the outer surface 
of the SiO2/PMAA/SiO2 tri-layer microspheres, allowing for the subsequent 
polymerization of N-isopropylacrylamide (NIPAM). Figure 3.17b shows the field 
emission scanning electron microscopy (FESEM) image of the well-defined 
SiO2/PMAA/SiO2/PNIPAM tetra-layer microspheres of narrow size distribution. The 
size of the tetra microspheres has increased to about 556 nm in diameter. Thus the 
thickness of the newly formed crosslinked PNIPAM shell is around 25 nm. The high 
magnification TEM image of a tetra-layer microsphere (Figure 3.17c) reveals the 
distinctive multilayer morphology of the hybrid structure. The successful formation of 
PNIPAM outer layer is further confirmed by FT-IR spectrum of the microspheres in 
Figure 3.18b. The characteristic absorption peaks at 1544, 1650 cm-1 and 3300 cm-1 are 
associated with the vibration modes of the amide group in the PNIPAM shell. HF 
etching of the SiO2/PMAA/SiO2/PNIPAM hybrid microspheres removes the silica core 
and interlayer to produce the double-walled concentric hollow microspheres with a 
pH-responsive PMAA crosslinked inner shell and a temperature-responsive PNIPAM 
crosslinked outer shell. The structure of the resultant PMAA-PNIPAM concentric 
hollow microspheres with flexible or deformable shells is revealed by the FESEM and 
TEM images of Figures 3.17d and e, respectively. The dents in the hollow spheres 
indicate that the crosslinked PNIPAM outer shells remain very flexible due to the low 
degree of crosslinking. The unique hollow structure of concentric polymeric shells is 
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clearly observed in the TEM image of Figure 3.17e. The FT-IR spectrum of the 
double-walled PMAA-PNIPAM hollow microspheres (Figure 3.18c) shows the 
disappearance of Si-O peak at 1100 cm-1 and the simultaneous increase in intensity of 
the peak characteristic of the PMAA and PNIPAM segments. The enhanced peak at 
1729 cm-1 is due to the stretching vibration of the carbonyl moieties of the carboxylic 
acid segments in the PMAA inner shell. The barely discernible Si signal in the 
energy-dispersive X-ray (EDX) spectrum of the PMAA-PNIPAM hollow microspheres 
is consistent with the successful removal of the silica core and interlayer by HF 
treatment to form the hollow double-walled microspheres.  
 
Figure 3.18 FT-IR spectra of (a) the SiO2/PMAA/SiO2 tri-layer microspheres, (b) the 
SiO2/PMAA/SiO2/PNIPAM tetra-layer microspheres, and (c) the PMAA-PNIPAM 
double-walled concentric hollow microspheres. 
The capsid of cowpea chlorotic mottle virus (CCMV) consists of a uniform protein 
coat for transporting viral genome through a reversible open/close gating mechanism, 
triggered by pH of the medium. To illustrate the similarity in “intelligence” of the 
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prepared microstructure, the stimuli-responsive properties of the double-walled 
PMAA-PNIPMA concentric hollow microspheres were investigated by dynamic laser 
scattering (DLS).  
 
Figure 3.19 Hydrodynamic diameters (Dh) of the double-walled PMAA-PNIPAM 
concentric hollow microspheres and their size distribution in aqueous media of 25oC 
and 40oC at a constant pH of 10. 
At the constant pH of 10, the hydrodynamic diameter (Dh) of the double-walled hollow 
microspheres varies with temperature, as shown in Figure 3.19. The Dh of the 
double-walled PMAA-PNIPMA concentric hollow microspheres decreases 
considerably from 739 nm to 621 nm when the temperature of the medium increases 
from 25 to 40oC, and vice versa. According to the DLS results, the swelling ratio 
between 25 to 40oC, defined as (D25/D40)3, is calculated to be 1.69, confirming the 
thermo-responsive nature of the PNIPAM outer shell of the double-walled hollow 
microspheres. This behavior can be explained by the fact that PNIPAM exhibits a 
lower critical solution temperature (LCST, 32oC) behavior in aqueous media. Above 
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the LCST, PNIPAM chains associated hydrophobically, leading to a decrease in 
effective Dh of the hollow microspheres. At a fixed temperature, the hydrodynamic 
diameter of the PMAA inner shell varies with pH of the medium. The crosslinked 
PMAA hollow microspheres obtained from the SiO2/PMAA core-shell microsphere 
can be used to measure the size changes of PMAA inner shell as a function of pH 
value. The Dh of PMAA inner shell increases from 320 nm at pH=4 to 540 nm at 
pH=10. This change is due to the Donnan osmotic swelling of the PMAA shell as the 
carboxylic acid groups are ionized at high pH values. The effect of pH on crosslinked 
PMAA inner wall can be observed directly in the TEM images. In comparison with 
that of the double-walled hollow microsphere exposed to pH=10 (Figure 3.17e), the 
TEM image of the double-walled PMAA-PNIPAM concentric hollow microsphere 
exposed to pH=4 (Figure 3.17f) reveals a decrease in size of the PMAA inner shell 
while the size of PNIPAM outer shell remains almost unchanged. Despite the variation 
in size of the microspheres with pH and temperature of the medium, the polydispersity 
of double-walled hollow microspheres remains at about 1.20. The void fraction 
between the two shells and the thickness of the polymeric shell can be tuned through 
the simple adjustment of reaction time and/or initial monomer concentration. In 
addition, the swelling and deswelling behavior in a medium of constant pH or 
temperature can be easily controlled by the crosslinking density of the shell. The 
reversible changes in shell dimension, triggered by the external stimuli of pH and 
temperature, suggest that the double-walled PMAA-PNIPAM concentric hollow 
microspheres may be used to selectively encapsulate guest molecules for releasing in a 
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controlled manner.  
  
Figure 3.20 (a) CLSM image of the double-walled PMAA-PNIPAM concentric 
hollow microspheres with loaded with DOX, and (b) DOX release profiles of the 
double-walled PMAA-PNIPAM concentric hollow microspheres. 
To study the double-walled PMAA-PNIPAM concentric hollow microspheres as drug 
carriers, the anti-cancer drug of doxorubicin (DOX) was loaded into the hollow 
microspheres. Figure 3.20a shows CLSM image of the double-walled 
PMAA-PNIPAM concentric hollow microspheres after loading of DOX. It is shown 
that the loaded hollow microspheres, with strong fluorescence, are well-defined. 
Figure 3.20b shows the release profile of DOX-loaded PMAA-PNIPAM hollow 
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microspheres. Three stages of release behaviors are observed. At high temperature and 
low pH of solution (0-12 h), the outer PNIPAM and inner PMAA crosslinked shell are 
de-swelled. After a period of release, the line levels off. As adjusting to low 
temperature (12-24 h), the PNIPAM outer shell is swollen and expanded. Therefore, 
the loaded anti-cancer drugs of DOX release more from the void between outer 
PNIPAM and inner PMAA shells. As the PMAA inner shell is expanded by adjusting 
pH, the loaded drugs in the interior of the PMAA shell releases out. The dual and 
independent sensitivity of the double-walled PMAA-PNIPAM concentric hollow 
















Combined inorganic sol-gel reaction and polymer synthesis for the preparation of 
either stimuli-responsive single-shelled, double-shelled polymer hollow microspheres 
or inorganic rattle-type (ball-in-ball structure) ‘core-double shell’ silica hollow 
microspheres has been described.  
 
First of all, Nearly monodispersed and pH-responsive hollow poly(methacrylic acid) 
(PMAA) microspheres with a flexible shell of ~20 nm in thickness have been 
synthesized by removal of the SiO2 core from the SiO2-PMAA core-shell microspheres. 
The hydrodynamic diameter of the hollow PMAA microspheres increased significantly 
from 340 nm to 520 nm as the pH of medium was increased from 4 to 8. 
SiO2-PMAA-SiO2 tri-layer hybrid microspheres of ~560 nm in diameter have been 
successfully prepared by coating a silica outer layer on the SiO2-PMAA core-shell 
microspheres in a so-gel process. Concentric hollow silica microspheres with a rigid 
outer shell of ~70 nm in thickness and a movable core of ~290 nm in diameter can be 
obtained by selective removal of the PMAA interlayer during calcination of the 
SiO2-PMAA-SiO2 tri-layer composite microspheres. 
 
Moreover, the stimuli-responsive polymer double shells of the hollow microspheres 
can be prepared and rendered asymmetric by different degrees of crosslinking while 
the silica shells in the inorganic microspheres can be rendered porous by the 
introduction of a surfactant during the sol-gel process. The size, shell number and 
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thickness, core diameter and void dimension of the microstructures can be tailored by 
varying the sol-gel process and polymerization conditions. For the PMAA1-PMAA2 
hollow microspheres illustrated, the outer and inner shells with different degrees of 
crosslinking can provide differential response to pH of the environment, and are thus 
potentially useful for controlled release in drug delivery systems.  
 
Finally, narrowly-dispersed double-walled PMAA-PNIAPM hollow polymeric 
microspheres with dual stimuli-responsive properties have been synthesized from the 
silica/PMAA/silica/PNIPAM alternating multilayer hybrid microspheres. The 
structures of polymer/silica multilayer hybrid microspheres and the double-walled 
hollow microspheres were shown to be well-defined. The respective PMAA inner shell 
and PNIPAM outer shell in the unique hollow structure can respond independently to 
changing pH and temperature of the environment. The change in hydrodynamic 
diameter (Dh) of the PMAA inner shell arises from the Donnan osmotic swelling, while 
the change in Dh of the PNIPAM outer shell is associated with the lower critical 
solution temperature behavior of the polymer. The DOX-loaded PMAA-PNIAPM 
hollow microspheres have shown good activities in controlled drug delivery system. 
The double-walled PMAA-PNIAPM concentric hollow microspheres, with their 
unique structures and dual (independent) stimuli-responsive properties, prepared in this 
work are expected to be useful for stimuli-controlled release of drugs and functional 












A general and facile template strategy is presented for the fabrication of rattle-type 
hllow hybrid structures with various shell materials (silica or polymer) and nanocore 
(TiO2, gold and silver) in the cavity. The hybrid nanorattles could serve as nanoreactors 







A unique hollow structure, ‘rattle-type’ or ‘yolk-shell’, has recently attracted 
considerable attention. Chemical and physicochemical methods have been explored to 
produce the rattle-type hollow nanostructures. For instance, platinum@cobalt oxide 
yolk-shell nanostructures represent a novel class of nanomaterials for applications in 
catalysis.112 FePt@CoS2 yolk-shell nanocrystals with surface-decorated 
cancer-targeting antibodies have found applications in nanomedicine.113 
Narrowly-dispersed Au@ZrO2 nanorattles of controllable morphology have been 
prepared to avoid sintering of the metallic nanoparticles during CO oxidation.114 Thus, 
the inorganic ‘rattle-type’ nanostructure has provided new opportunities for enhancing 
the properties of metals for advanced reactor technology and reaction design. Hollow 
nanorattles as reactor systems should also possess a permeable shell for controlling 
molecular diffusion in and out of the nanorattles.115 
Titania (TiO2) has been widely used in photovoltaics and as a photocatalyst for 
decomposing toxic organic pollutants.116 The strong oxidizing power of irradiated 
TiO2 can also be used to eliminate tumor cells in cancer treatment and as new tools for 
gene therapy.117 On the other hand, silica materials, with safety approval from the US 
Food and Drug Administration (FDA), have a wide range of applications. The 
integration of these two different inorganic materials (TiO2 and SiO2) into a functional 
hybrid micro- or nanostructure via direct synthesis will have interesting applications. 
Titania is commonly deposited on silica particles or flat wafers to serve as 
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heterocatalyst. The fabrication of more sophisticated hollow silica nanospheres with an 
inner titania core will require appropriate interfacial materials and procedures for 
integrating the two inorganic materials.  
In this chapter, we first describe the preparation of rattle-type hollow nanospheres, 
comprising of a mesoporous silica shell, void cavity and mesoporous anatase titania 
core, via combined inorganic and polymer syntheses. The mesoporous silica shells act 
as barriers to the aggregation of titania, while allowing molecular diffusion into the 
interior of hollow spheres. The void thus allows confined reactions to be catalyzed by 
the surface of titania nano-core. Finally we describe the synthesis of Ag@air@PMAA 
(PMAA = poly(methacrylic acid)) hybrid nanorattles, with a silver nanocore and 
stimuli-responsive, cross-linked (solvent resistant) and yet permeable polymer shell, 
via combined sol-gel reaction and distillation-precipitation polymerization, for 
application as nanoreactors. In addition to providing a confined or controlled 
environment for the reaction, the catalytic reaction rate can be further regulated by 
controlling molecule diffusion through the polymer shell via the simple variation of 
environment stimuli, such as salt concentration. Thus, the present 
metal@air@stimuli-responsive(and cross-linked) polymer hybrid nanorattles are 
uniquely different in chemical structure and physical property from those of the widely 
reported inorganic nanorattles and yolk-shell nanostructures, as well as from those in 
the case of silica@air@polymer nanorattles consisting mainly of an inert movable core 
and non-crosslinked inert polymer shell. 
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4.2 Rattle-type Hollow Nanospheres of Mesoporous Silica Shell-Titania Core  
 
Scheme 4.1 Combined polymerization and sol-gel reactions for the preparation of 
nearly monodispersed concentric hollow nanospheres composed of mesoporous silica 
shells and anatase titania inner cores. 
4.2.1 Experimental Section 
Narrowly dispersed poly(methacrylic acid) (PMAA) template cores were first 
synthesized via distillation-precipitation polymerization of methacrylic acid (MAA) in 
acetonitrile with ethylene glycol dimethacrylate (EGDMA) as a crosslinker and 
2,2′-azobisisobutyronitrile (AIBN) as the initiator. A mixture of MAA (0.6 mL, 7.32 
mmol), EGDMA (0.4 mL, 2.1 mmol) and AIBN (0.02 g) in 80 mL of acetonitrile was 
allowed to react under reflux condition to distill off 20 mL of acetonitrile. The reaction 
completed in about 1.5 h. The resultant PMAA nanospheres were purified by 
extracting three times with acetonitrile to remove the un-reacted monomers and 
oligomers. The nanospheres so-obtained had an average diameter of 63 nm. The 
particle size can be adjusted by changing the monomer concentration and 
polymerization time. For example, PMAA nanospheres of about 236 nm in diameter 
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were obtained by increasing the MAA concentration to 0.18 M. To prepare the 
PMAA/TiO2 composite nanospheres, about 0.05 g of the PMAA nanospheres in the 
titanium tetrabutoxide (TBOT)/ethanol (2 mL/20 mL) mixture was stirred overnight to 
facilitate the adsorption of TBOT into the polymer templates. The TBOT swollen 
particles were collected by centrifugation, and were re-dispersed into 10 mL of ethanol. 
Then a mixture of ethanol/water (5 mL/5 mL) was introduced under vigorous stirring. 
The sol-gel reaction was allowed to proceed for 6 h at 25oC to produce the 
PMAA/TiO2 composite nanospheres.  
 
The PMAA/TiO2@PMAA core-shell nanospheres were synthesized by coating the 
PMAA/TiO2 composite nanospheres with PMAA via distillation-precipitation 
polymerization. About 0.1 g of the PMAA/TiO2 composite nanoparticles was dispersed 
in 80 mL of acetonitrile. A mixture of MAA (0.36 ml, 4.4 mmol), EGDMA (0.24 mL, 
1.3 mmol) and AIBN (12 mg, 0.072 mmol) was added into the flask to initiate the 
polymerization. The procedures were similar to those described above for the synthesis 
of initial PMAA templates. After polymerization, the resultant PMAA/TiO2@PMAA 
core-shell nanospheres were purified by extraction with acetonitrile and ethanol three 
times to remove the un-reacted monomers and oligomers. To encapsulate more 
PMAA/TiO2 nanospheres within the PMAA shell, 50-60 mL (instead of 20 mL) of 
acetonitrile was distilled off within 1.5 h, and the reaction system was maintained in 




The PMAA/TiO2@PMAA@SiO2 trilayer hybrid nanospheres were prepared by 
coating an outer silica shell on the PMAA/TiO2@PMAA core-shell particles via the 
sol-gel process. About 0.04 g of PMAA/TiO2@PMAA nanospheres and 0.6 mL of 
ammonia solution (25 %) was introduced into a water/ethanol (5 mL/40 mL) mixture 
under vigorous stirring. Then, 0.3 mL of tetraethyl orthosilicate (TEOS) was added 
dropwise into the flask over a period of 0.5 h at room temperature. Cetyltrimethyl 
ammonium bromide (CTAB, 0.06 g) surfactant was subsequently added to the reaction 
system to produce the mesostructured CTAB/silica composite outer layer. The sol-gel 
reaction was allowed to proceed for 16 h to obtain the PMAA/TiO2@PMAA@SiO2 
trilayer hybrid nanospheres. The concentric hollow nanospheres composed of a 
mesoporous TiO2 inner core and a mesoporous silica outer shell were obtained via 
calcination at 550oC for 6 h. The calcination process was repeated twice to remove the 
polymeric templates and surfactants completely.  
 
The photocatalytic decomposition of methyl orange (MO) by the concentric hollow 
nanospheres of titania core-silica shell at room temperature was illustrated. About 1 
mL of MO (0.1 g/L), 50 mg of the mesoporous concentric hollow nanospheres, and 25 
mL of deionized water were introduced into a Pyrex tube. To allow for the diffusion of 
MO across the mesoporous silica shell into the void, the reaction mixture was stirred in 
the dark for 2 h prior to irradiation. The reaction mixture was irradiated by a 1000 W 
high-pressure mercury lamp (Riko Rotary Photochemical Reactor, RH 400-10W, 
Japan). In a control experiment, UV irradiation of MO solution under similar 
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conditions, except for the absence of the concentric hollow nanospheres, was carried 






















4.2.2 Results and Discussion 
The first synthesis step involved the preparation of crosslinked poly(methacrylic acid) 
(PMAA) core nanospheres via distillation-precipitation polymerization in the presence 
of ethylene glycol dimethylacrylate (EGDMA, a crosslinking agent). The next step 
involved the synthesis of PMAA/TiO2 composite nanospheres via the sol-gel process, 
using the crosslinked PMAA nanospheres as the template cores. In the subsequent step, 
the PMAA/TiO2 composite nanospheres were coated with a uniform PMAA layer via 
distillation-precipitation polymerization to produce the PMAA/TiO2@PMAA 
core-shell particles. Finally, coating of the core-shell particles with an outer silica shell, 
derived from the sol-gel reaction of the tetraethyl orthosilicate (TEOS) precursor, 
produced the PMAA/TiO2@PMAA@SiO2 trilayer hybrid nanospheres. Nearly 
monodispersed concentric hollow spheres, consisting of a mesoporous silica shell and 
an anatase titania inner core, were obtained after selective removal of the polymer 







Figure 4.1 FESEM and TEM micrographs of the (a) PMAA template cores, (b) 
PMAA/TiO2@PMAA core-shell nanospheres, (c) PMAA/TiO2@PMAA@SiO2 trilayer 
hybrid nanospheres, (d) hollow silica nanospheres with an inner titania core after 
removal of the polymeric templates, (e) mesoporous silica shell under higher 
magnification, and (f) hollow core-shell nanostructures containing multiple titania 
cores. 
The carboxylic acid groups, located on the surface and interior networks of the 
crosslinked nanosphere, were used for the subsequent functionalization via sol-gel 
reaction. The field-emission scanning electron microscopy (FESEM) image of the 
PMAA nanospheres in Figure 4.1a indicates that the polymeric particles have an 
average diameter of 63 nm and a polydispersity index (PDI) of 1.03. The particle size 
can be adjusted by varying the monomer concentration and polymerization time. After 
hydrolysis of the titanium tetrabutoxide (TBOT)-coated PMAA nanospheres in the 





about 85 nm without a significant change in PDI (Table 4.1).  
Table 4.1 Size and size distribution of the multilayer hybrid nanospheres and 








PMAA  63 1.03 - 
PMAA/TiO2  85 1.02 9 
PMAA/TiO2@PMAA 137 1.01 26 
PMAA/TiO2@PMAA@SiO2 210 1.01 36 
TiO2@air@SiO2  206 1.01 30 
 
 
Figure 4.2 XPS wide-scan spectra of the (a) PMAA template cores, and (b) 
PMAA/TiO2 composite nanoparticles.  
The chemical composition of the PMAA/TiO2 nanospheres was confirmed by X-ray 
photoelectron spectroscopy (XPS) analysis (Figure 4.2). After distillation precipitation 
polymerization of methacrylic acid on the PMAA/TiO2 composite particles in the 
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presence of EGDMA, a uniform PMAA polymeric shell is formed and is discernible in 
the transmission electron microscopy (TEM) image of Figure 4.1b. The average 
particle size of the resultant core-shell nanospheres has increases to 137 nm with a PDI 
of 1.01. Thus, the thickness of the newly formed PMAA shell is around 26 nm (Table 
4.1). Subsequently, an outer silica layer is coated directly on the PMAA/TiO2@PMAA 
core-shell particles via condensation hydrolysis of tetraethyl orthosilicate (TEOS) in 
the sol-gel process, with an added surfactant (cetyltrimethyl ammonium bromide, or 
CTAB), to result in the PMAA/TiO2@PMAA@SiO2 trilayer hybrid nanospheres of 
uniform shape and size, as shown in the TEM image of Figure 4.1c. The PMAA 
interlayer with a lower contrast is discernible between the PMAA/TiO2 composite core 
and the silica shell. The particle size has increased significantly to about 210 nm in 
diameter. Therefore, the PMAA interlayer with carboxylic functional groups has 
bridged the two inorganic materials of titania and silica. 
 
Narrowly-dispersed hollow nanospheres comprising of a mesoporous silica shell and a 
titania inner core are obtained by selective removal of the PMAA interlayer, the 
polymeric backbones in the core, and the CTAB surfactant in the shell upon calcination 
of the PMAA/TiO2@PMAA@SiO2 trilayer hybrid nanospheres, as illustrated in 
Scheme 4.1. The TEM (Figure 4.1d) and FESEM (inset of Figure 4.1d) images reveal 
the unique structure of a SiO2 outer shell of about 206 nm in diameter and an inner 
TiO2 core of  about 50 nm in diameter. Thus the titania inner core has shrunk from 
about 85 nm in the original PMAA/TiO2 nanosphere to about 50 nm after calcination. 
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The so-obtained TiO2 nanoparticle in the cavity is mesoporous and of pure anatase 
(Figures 4.3a and b). Each anatase TiO2 sphere is an aggregation of nanoparticles. 
Continuous sharp circles on selected-area electron diffraction (SEAD) pattern (inset) 
further confirm that the nanospheres are polycrystalline anatase.  
 
Figure 4.3 XRD spectrum and TEM image of of the mosoporous anatase TiO2 
nanocores obtained from calcination of the PMAA/TiO2 composite nanospheres at 
550oC for 6 h using the PMAA of 236 nm in diameter as templates.  
The disappearance of PMAA characteristic absorption peaks in the Fourier transform 
infrared (FT-IR) spectrum of the concentric hollow nanospheres (Figure 4.4) confirms 
that the PMAA templates have been completely removed from the 
PMAA/TiO2@PMAA@SiO2 trilayer hybrid structure. The strong absorption peak at 
1721 cm-1 corresponds to the stretching vibration of the carboxylic acid groups. The 
peak at 2995 cm-1 corresponds to the asymmetric vibrations of –CH3 and –CH2. After 
calcination, these two peaks associated with PMAA have disappeared completely. The 






Figure 4.4 FT-IR spectra of (a) the PMAA/TiO2@PMAA@SiO2 trilayer hybrid and (b) 
the corresponding concentric hollow titania core-silica shell nanospheres. 
 
Figure 4.5 Nitrogen adsorption-desorption isotherms and the corresponding pore size 
distribution plot (inset) of the hollow nanospheres with a mesoporous silica shell. 
The mesoporous structure of the silica is discernible in the TEM image of Figure 4.1e. 
The pores in the silica shells are interconnected through pores. As characterized by the 
nitrogen adsorption-desorption isotherms (Figure 4.5), the porous silica structure has a 
specific surface area (SSA) of 546 m2/g, a mean pore size of 2 nm, and a pore volume 
of 0.51 cm3/g. Thus, the mesoporous structure allows the transport of molecules to and 
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from the interior void, and is crucial to catalysis, delivery and other applications.  
 
The open environment may not be ideal for performing specific chemical reactions or 
separations. It may be desirable to confine a specific reactant and catalyst in micro- or 
nanocages (nanoreactors).118 To explore potential applications of the monodispersed 
concentric hollow silica nanospheres as reaction cages or nanoreactors for catalysis, 
UV-induced photocatalytic decomposition of methyl orange (MO) by the anatase TiO2 
core were carried out. As illustrated in Figure 4.6a, after allowing MO to diffuse into 
the nanospheres. Figure 4.6b shows the photocatalytic decomposition of MO in the 
concentric hollow reactors with an apparent first-order rate constant (Ka) is 6.8 x 10-4 
min-1. No significant decomposition of MO was observed in the absence of the 
concentric hollow nanospheres under similar irradiation conditions. The observed rate 
constant for the concentric hollow nanospheres as photocatalyst seems to be lower than 







Figure 4.6 (a) Concentric hollow nanospheres of mesoporous silica shell-titania core 
as reaction cages for photocatalysis, and (b) the rate of TiO2-catalysed 
photodegradation of methyl orange in the concentric hollow silica cages. (ka is the 
apparent first-order rate constant.) 
The lower reaction rate observed in the present work is probably due to the low 
content of mesoporous anatase titania in the hollow nanospheres. To encapsulate more 
titania inner cores within a single silica shell, one can control the volume and rate of 
acetonitrile distillation during the synthesis of PMAA/TiO2@PMAA core-shell spheres, 
leading to the formation of multiple PMAA/TiO2 cores encapsulated within a single 
PMAA shell. Subsequent coating of silica and removal of polymeric templates can 
result in hollow silica cages containing multiple titania cores, as shown in the TEM 
image of Figure 4.1f. In addition, the size of titania inner core, the size of void and the 
thickness of silica shell can be tuned through simple adjustments of the precursors 
(TBOT, MAA and TEOS) concentration and/or reaction time. Mesoporous concentric 
hollow silica nanoreactors with other important metal cores can also be prepared. For 
example, hydroxylated Fe3O4 magnetic nanoparticles can be used as the core templates 




4.3 Hybrid Nanorattles of Metal Core and Stimuli-Responsive Polymer Shell for 
Confined Catalytic Reactions 
 
Scheme 4.2 Schematic illustration of the synthesis of Ag@SiO2@PMAA core-double 
shell and Ag@air@PMAA rattle-type hybrid NPs. 
4.3.1 Experimental Section 
Synthesis of Ag@SiO2 Core-Shell NPs 
Silver nitrate was used as a precursor for the preparation of silver nanoparticles (Ag 
NPs).120 0.85 g of silver nitrate, 1.1 g of polyvinylpyrrolidone (molar ratio 
[PVP]/[AgNO3] = 2) and 1.49 mL of formaldehyde were introduced into 50 mL of 
deionized water in a 100 mL round bottom glass flask. About 0.3 g of anhydrous 
sodium hydroxide in 10 mL of water was then added into the reaction mixture. Upon 
the addition of sodium hydroxide, the reaction mixture turned grey immediately. The 
resulting silver NPs were separated from the solution by addition of four times the 
volume of acetone. The mixture was centrifuged (Eppendorf 5810R centrifuge) at 
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6000 rpm for 6 min. The black precipitate was washed twice with an acetone/water 
(3:1, v:v) mixture. After washing, the collected Ag NPs were redispersed in 80 mL of 
ethanol for the subsequent sol-gel coating process. 
The Ag@SiO2 core-shell NPs were synthesized by the sol-gel process on the Ag NPs. 
Eight mL of re-dispersed silver seeds in ethanol, 5 mL of deionized water, 14 mL of 
ethanol and 0.1 mL of TEOS were introduced into a 25 mL round bottom glass flask. 
The mixture was stirred for 10 min. About 0.8 mL of ammonia solution (25 wt%, 
Merck Chem. Co.) was then added drop-wise and the flask was sealed to keep the 
reaction mixture at the same pH value during the sol-gel reaction. The reaction mixture 
was stirred for 6 h at room temperature (25oC). About 0.1 mL of MPS was then added 
and the mixture was stirred for another 18 h at 25oC. At the end of reaction, the 
mixture was centrifuged at 8200 rpm for 10 min. The collected Ag@SiO2 core-shell 
NPs were washed once with THF, and twice with both acetone and ethanol. The 
Ag@SiO2 core-shell NPs of different shell thickness were synthesized via the sol-gel 
process using different initial TEOS feed concentration from 0.05 to 0.3 mL. 
Synthesis of Ag@SiO2@PMAA Core-Double Shell NPs and Ag@air@PMAA 
Hybrid Nanorattles 
For the preparation of Ag@SiO2@PMAA core-double shell NPs, 0.02 g of the 
Ag@SiO2 core-shell seeds were dispersed into 10 ml of acetonitrile under 
ultrasonication. A mixture of methacrylic acid (MAA, 60 μL), divinylbenzene (DVB, a 
crosslinking agent, 40 μL) and 2,2′-azobisisobutyronitrile (AIBN, 2 mg) was then 
introduced into the flask to initiate the polymerization. The polymerization reaction 
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was allowed to proceed under reflux conditions for 4 h. The resultant 
Ag@SiO2@PMAA core-double shell NPs were purified by extraction with acetonitrile 
and ethanol five times via centrifugation/redispersion cycles to remove the un-reacted 
monomers and oligomers. The thickness of PMAA shell was tuned by adjusting the 
feed concentration of MAA monomer from 0.06 to 0.12 mL. The AIBN initiator was 
kept at 2 wt% of (MAA+DVB) and the weight ratio of MAA to DVB was at 3:2. For 
each PMAA shell thickness reported, at least three batches of the Ag@SiO2@PMAA 
core-double shell NPs of consistent outer shell thickness were prepared to ensure the 
reproducibility of synthesis procedures. 
 
The Ag@air@PMAA hybrid rattle-type hollow nanostructures were prepared by 
removal of the silica inner-shell from the Ag@SiO2@PMAA core-double shell NPs. 
Briefly, 20 mg of the Ag@SiO2@PMAA core-double shell nanospheres was first 
dispersed in 5 mL of ethanol, followed by addition of 17 mL of 48% HF. The etching 
process was allowed to proceed for 4 h. The resulting hollow metal core-polymer shell 
nanostructures were cleaned with at least 3 centrifugation/dispersion cycles in a 1:1 
(v:v) mixture of ethanol and water till the pH of medium reached a constant value. The 
repeated cleaning process ensured the complete removal of residual HF and SiF4.  
 
The reduction of aromatic nitrocompounds to amines is catalyzed by silver 
nanoparticles in an aqueous medium. For the catalytic reduction of p-nitrophenol using 
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the synthesized Ag@air@PMAA hybrid nanorattles, 0.5 mL of the Ag@air@PMAA 
nanorattles suspension in deionized water (1.2 x 10-3 M with respect to the silver 
precursor concentration) was added to 1 mL of 0.6 M NaBH4 (Merck) in a quartz cell. 
The mixture was magnetically stirred for 30 min at 25+2oC. For the reaction carried 
out in a, for example, 0.05 M salt medium, 8.7 mg of NaCl was added into the mixture 
prior to the initiation of reaction. About 1.5 mL of 3.4 x 10-4 M p-nitrophenol was 
quickly added to the reaction mixture. The progress of the catalytic reaction was 
monitored by UV-visible absorption spectroscopy at an interval of 3 min. With the 
progress of the reaction, the original yellow solution of p-nitrophenol slowly turned 
colorless. For comparison purpose, silver NPs without the PMAA shells were tested 
for the catalytic activity under the same NaCl concentrations of 0, 0.01, 0.05 and 0.1 M. 
To maintain the same silver mass (concentration) for NPs with and without the PMAA 
shell, the initial concentration of bare silver NPs (A0) was adjusted to be the same as 
that of the silver nanocores in the hybrid nanorattles by UV-visible absorption 









4.3.2 Results and Discussion 
Procedures for the synthesis of Ag nanocore, Ag@SiO2 core-shell, Ag@SiO2@PMAA 
core-double shell and Ag@air@PMAA hybrid rattle-type nanostructures are shown in 
Scheme 4.2. The first step involves coating of silver nanoparticles (NPs) with a 
uniform silica shell via the sol-gel process of tetraethyl orthosilicate (TEOS) and 
3-(trimethoxysilyl) propyl methacrylate (MPS) to produce the Ag@SiO2 core-shell 
NPs. A uniform PMAA shell with controllable shell thickness is then formed via 
distillation-precipitation polymerization to produce the Ag@SiO2@PMAA core-double 
shell NPs. Finally, the silica inner-shell between the metal nanocore and polymer 
outer-shell of the NPs was selectively removed by HF etching to produce the 
Ag@air@PMAA nanorattles. 
 
Figure 4.7 TEM micrograph of the silver nanocore.  
The as-synthesized silver nanocore has an average size of around 38 nm in diameter 
(Figure 4.7). The thickness of silica shell encapsulating the metal nanocore can be 
controlled by using different TEOS feed concentrations. Silica shells with different 
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thicknesses of 8, 15, 25 and 53 nm were obtained and listed in Table 4.2. The 
Ag@SiO2 core-shell NPs of different silica shell thicknesses are readily discernible in 
the TEM images of Figure 4.8. The carbon-carbon double bonds on the surface of 
Ag@SiO2 core-shell NPs, introduced by the organosilicon coupling agent MPS, serve 
as initiation sites in the subsequent graft polymerization of methacrylic acid (MAA). 
The characteristic absorption peak at 1090 cm-1 in the FT-IR spectrum of the Ag@SiO2 
core-shell NPs in Figure 4.9a is assigned to the Si-O-Si stretching vibration. The 
absorption band at 1653 cm-1 is associated with the vinyl group of MPS on the surface 
of silica shell. 













Ag nanocore 38 56 1.48 - 100 15 
Ag@SiO2 core-shell-1 54 62 1.13 8 44 11 
Ag@SiO2 core-shell-2 67 72 1.08 15 41 8 
Ag@SiO2 core-shell-3 87 93 1.07 25 65 14 
Ag@SiO2 core-shell-4 143 147 1.03 53 59 14 
Ag@SiO2@PMAA 
core-double shell-1e 
141 145 1.03 25/27 38 13 
Ag@SiO2@PMAA 
core-double shell-2e 
170 181 1.06 25/42 44 25 
Ag@SiO2@PMAA 
core-double shell-3e 
221 225 1.02 25/67 60 15 
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aDn is the number-average diameter, Dw is the weight-average diameter, PDI is the 
polydispersity index; bThe shell thickness of the Ag@SiO2 core-shell and core-double 
shell NPs were determined from the TEM images; c n is the number of particles used 
for diameter determination from TEM images; dδ is the standard deviation from the 
mean (Dn). eThe Ag@SiO2@PMAA core-double shell NPs were prepared using the 
Ag@SiO2 core-shell-3 NPs as seeds. 
     
  
  
Figure 4.8 TEM micrographs of the (b) Ag@SiO2 core-shell NPs with different silica 
shell thickness: (a) and (a’) 8 nm, (b) and (b’) 15 nm, (c) and (c’) 53 nm.  






distillation-precipitation polymerization of the stimuli-responsive MAA monomer in 
the presence divinylbenzene (DVB, a crosslinking agent), using the as-synthesized 
Ag@SiO2 core-shell NPs as seeds. Regulation of the PMAA outer shell thickness to 
achieve a low polydispersity index (PDI) of the NPs is an important aspect of the 
polymer coating process. The poly(methacrylic acid) (PMAA) outer-shells with 
different thickness of 27, 42 and 67 nm have been synthesized. The corresponding 
TEM images of the so-obtained Ag@SiO2@PMAA core-double shell hybrid NPs are 
shown in Figures 4.10a-c. Core-double shell hybrid particles encapsulating more than 
one Ag@SiO2 core-shell seed NPs were observed when an initial higher concentration 
of the monomers (MAA and DVB) to that of the seed NPs was used, as shown in 
Figure 4.10c. The TEM images reveal a polymer shell encapsulating a dense inorganic 
Ag@SiO2 core-shell NP of differential contrast, forming a distinctive core-double 
shelled nanostructure. The crosslinked PMAA outer-shell of about 67 nm in thickness 
is readily discernible in the TEM image of a higher magnification (Figure 4.10d).  
 
The absorption peak at 1701 cm-1 in the FT-IR spectrum of the Ag@SiO2@PMAA 
core-double shell hybrid NPs of Figure 4.9b is associated with stretching vibration of 
the carbonyl groups of PMAA outer-shell. The absorption bands at 710 (δ C6H6) and 
1450 (ν C-H) cm-1 are associated with the characteristic vibrations of DVB units in the 
polymer outer shell.61 The Ag@SiO2@PMAA core-double shell hybrid NPs were also 
characterized by the energy-dispersive X-ray (EDX) analysis. The mass contents of 
silver nanocore, silica interlayer and carbon in the Ag@SiO2@PMAA core-double 
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shell-3 microspheres (Table 4.2) are determined to be about 40%, 21% and 35%, 
respectively, from EDX analysis.  
 
Figure 4.9 FT-IR spectra of the (a) Ag@SiO2 core-shell-3 and (b) Ag@SiO2@PMAA 






Figure 4.10 TEM micrographs of the Ag@SiO2@PMAA core-double shell NPs with 









Figure 4.11 TEM micrographs of the Ag@air@PMAA hybrid nanorattles with 
different PMAA shell thickness: (a) and (a’) 27 nm, (b) and (b’) 42 nm, (c) and (c’) 67 
nm.  
Well-defined Ag@air@PMAA hybrid nanorattles are obtained by selective removal of 
the inorganic silica interlayer by HF treatment. The size and shell thickness of the 
PMAA outer shell can be regulated though the simple adjustment of initial MAA 
monomer concentration. TEM images of the Ag@air@PMAA hybrid nanorattles with 
shell thicknesses of 27, 42 and 67 nm are shown in Figures 4.11a-c, respectively. The 
TEM images clearly reveal the hybrid nanorattle structure with a free-moving metal 
nanocore encapsulated in a hollow polymer shell. No deformation of the polymer shell 
was observed, suggesting that the crosslinked PMAA shell is stable and rigid enough 
to sustain the cavity upon etching of the silica inner shell. 
 
Figure 4.12 shows the UV-visible absorption spectra of the Ag nanocores, Ag@SiO2 
core-shell NPs and Ag@air@PMAA hybrid nanorattles in aqueous dispersions. For the 
Ag NPs, the absorption maximum occurs at 415 nm. The absorption peak of the 




red-shift is due to an increase in the local refractive index of the medium surrounding 
the Ag NPs, i.e. from water to silica (refractive index of 1.33 to 1.46).49, 121 The 
absorption peak of the Ag@air@PMAA hybrid nanorattles at 428 nm is located 
between those of the Ag and Ag@SiO2 core-shell NPs, consistent with the fact that 
PMAA has a refractive index of 1.41, between those of water and silica.122 
 
Figure 4.12 UV-visible absorption spectra of (a) Ag nanocores, (b) Ag@SiO2 
core-shell NPs and (c) Ag@air@PMAA hybrid nanorattles in aqueous dispersions. 
 
Scheme 4.3 The Ag@air@PMAA hybrid nanorattle as a nanoreactor for the confined 
catalytic reduction of p-nitrophenol by NaBH4. 
To achieve good catalytic performance, the metal core in the nanorattles should be 
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highly accessible to the reactants. Thus, the outer-shell of nanorattles should allow 
diffusion of molecules in and out of the nanorattles for confined catalytic reactions. 
The so-obtained Ag@air@PMAA hybrid nanorattles thus provide a unique 
nanoreactor system for spatially confined catalytic reactions. The catalytic reduction of 
p-nitrophenol by sodium borohydride (NaBH4) to p-aminophenol in the nanorattles 
was studied. The catalytic reduction process occurring in the Ag@air@PMAA hybrid 
nanorattle is illustrated in Scheme 4.3. Reactants, such as NaBH4 and p-nitrophenol, 
diffuse through the PMAA shell into the hollow cavity. After adsorption of both 
reactants onto the silver NP surface, the catalytic reduction is initiated by electron 
transfer from the donor BH4− to the substrate p-nitrophenolate ion (acceptor).123 The 
product, p-aminophenol, desorbs from the silver catalyst surface and diffuses out of the 
PMAA shell. No reduction reaction was observed in the absence of Ag NPs or 
Ag@air@PMAA hybrid nanorattles.  
 
Figures 4.13a and 4.14a shows the changes in UV-visible absorption spectra of the 
aqueous reaction mixtures in the presence of Ag NPs and Ag@air@PMAA hybrid 
hollow nanorattles, respectively. As the reduction reaction proceeds, p-nitrophenol is 
converted into p-aminophenol, resulting in a decrease in the absorption intensity at 400 
nm. In comparison, the reaction catalyzed by the silver NPs without the PMAA shells 
proceeds more rapidly than that catalyzed by Ag@air@PMAA hybrid nanorattles with 
the same mass of silver. It is known that the PMAA outer-shell is pH-responsive.124 It 
is ionic at a high pH value, and is highly sensitive to the ionic strength of surrounding 
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medium. The effect of ionic strength of the medium, and thus the permeability of 
reactants and product through the PMAA shell, on the reaction rate was evaluated. 
Figures 4.13b and 4.13b show the changes in reactant concentration with time for the 
reactions catalyzed by Ag NPs and Ag@air@PMAA hybrid nanorattles (PMAA shell 
thickness of 67 nm), respectively, in media of increasing NaCl salt concentrations. For 
the hybrid nanorattle system, the reaction rate decreases significantly as the NaCl 
concentration increases from 0 to 0.1 M. For the silver NPs without the 
stimuli-responsive PMAA shell, the reaction rate does not show a significant 
dependence on the salt concentration of the medium. Thus, the catalytic reaction is not 






Figure 4.13 (a) Catalytic reduction of p-nitrophenol (C0= 3.4 x 10-4 M) by the Ag NPs 
(～1.2 x 10-3 M) as monitored by time-dependent UV-visable absorption. (b) Reaction 
kinetics of p-nitrophenol reduction by the Ag NPs under the effect of salt 
concentration of the medium (pH 9.2, C0 and Ct are the initially and instantaneous 







Figure 4.14 (a) Catalytic reduction of p-nitrophenol (C0= 3.4 x 10-4 M) by the 
Ag@air@PMAA nanorattles (from Ag@SiO2@PMAA core-double shell-3 NPs in 
Table 4.2, ～1.2 x 10-3 M with respect to the Ag concentration, PMAA shell thickness 
= 67 nm)) as monitored by time-dependent UV-visable absorption. (b) Reaction 
kinetics of p-nitrophenol reduction by the Ag@air@PMAA nanorattles under the 
effect of salt concentration of the medium (pH 9.2, C0 and Ct are the initially and 
instantaneous concentration of p-nitrophenol, respectively). 
The pH of the reaction mixture was maintained at around 9.2. At pH 9.2, the PMAA 
shell is fully ionized. Electrostatic repulsion among the negatively charged carboxylic 
groups allows the PMAA shell to adopt a highly swollen or expanded conformation. 
With the increase in salt concentration (ionic strength), more Na+ counter-ions become 
available to shield the charges in the PMAA network. The charge shielding effect 
reduces the internal osmotic pressure by reducing the internal electrostatic repulsion, 
leading to an associated state of the PMAA shell according to the Donnan equilibrium 
effect.125 The condensed PMAA layer is likely to present a higher steric barrier for the 




the rate of catalytic reaction can be effectively controlled by the diffusion rate of 
reactant through the stimuli (NaCl concentration)-responsive polymer shell to the 























Nearly monodispersed rattle-type hollow nanospheres with mesoporous silica shell and 
anatase titania core (TiO2@air@SiO2) have been prepared. The PMAA polymer with 
carboxylic functionalities acted initially as a medium for bridging the two different 
inorganic materials of titania and silica to produce the multilayered hybrid nanospheres 
of PMAA/TiO2@PMAA@SiO2, and then as a sacrificial material in the preparation of 
concentric hollow nanospheres from the corresponding hybrid nanospheres. Narrowly 
dispersed and mesoporous concentric hollow nanospheres can be used as 
cages/reactors for photocatalytic reactions. The synthesis procedure can be readily 
extended to the fabrication of concentric hollow nanospheres with multiple cores or 
with other inorganic functional cores. 
 
Functional Ag@air@PMAA hybrid nanorattles, comprising of a silver nanocore and a 
crosslinked PMAA shell with an internal void, have been synthesized by selective 
etching of the silica inner-shell of Ag@SiO2@PMAA core-double shell NPs prepared 
from combined sol-gel reaction and distillation-precipitation polymerization. The 
permeable and stimuli-responsive PMAA outer shell allows the easy and controlled 
access of reactant molecules to the silver nanocore. The silver-catalyzed reduction of 
p-nitrophenol and the effect of ionic strength on the permeability of the PMAA shell 
(and thus reaction rate) in this hybrid nanoreactor system were demonstrated. The 
Ag@air@PMAA nanoreactors can be easily separated from the reaction mixture by 
centrifugation. It is envisioned that this versatile nanoreactor system can serve as a 
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useful platform for studying various heterogeneous catalytic reactions in a confined 
and controlled manner, as the metallic nanocore and stimuli-responsive polymer shell 







































































Superparamagnetic nanoparticles of iron oxides have been of great interest because of 
their potential applications in cell-targeting, and drug delivery, bioseparation, and 
magnetic resonance imaging (MRI).126-128 Recently, numerous methods have been 
developed to synthesize magnetic and fluorescent composite particles with core-shell 
structures to broaden the applications of these nanoparticles in biosensors and 
diagnostic medical devices.129-130 For these applications, the nanoparticles should have 
improved biocompatibility to evade the immune system. Nanoparticles with poor 
dispersity will agglomerate after being assimilated into living systems. Therefore, it is 
highly desirable to further tailor the surface functionality (surface modification) of 
these magnetic and fluorescent nanoparticles, for example, via grafting of hydrophilic 
and biocompatible components. Covalent grafting of polymer brushes or 
biopharmaceuticals on the surface of red blood cells (RBCs) has been reported to be an 
effective and biocompatible approach to render them suitable for biomedical 
applications.131  
The emergence of ‘click’ chemistry, in particlar the Huisgen 1,3-diplar cycloaddition 
of alkyne to azide, has had an important impact on materials science and 
engineering.132-133 Following Sharpless’s concept on several idealized reactions 
involving a click process, the thiol-ene chemistry has recently been established as a 
reaction with all of the desirable feactures of a click reaction, such as high efficiency 
and mild reaction conditions. The emergency of ‘click’ chemistry has greatly 
facilitated the synthesis of complex macromlecular structures, such as dendrimers134 
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and macrocycyclic polymers.135 The thiol-ene chemistry involves the hydrothiolation 
of a C=C bond.136 The thiol-ene click reaction does not require additional transition 
metal catalysts, has good tolerance for many solvents, and is generally fast (in a matter 
of seconds) even at ambient temperature and pressure. Combination of ‘click’ 
chemistry with controlled/‘living’ radical polymerization techniques, such as atom 
transfer radical polymerization (ATRP)137 and reversible addition-fragmentation chain 
transfer (RAFT) polymerization,138 have been reported recently in the synthesis of 
functional copolymer brushes.  
Benefiting from recent works on the synthesis of molecular brushes by combination of 
living radical polymerization (ATRP and RAFT) and click reactions, we will 
demonstrates the unique synthesis of hairy particle with surface-grafted polymer 
brushes by combined living radical polymerization and alkyne-azide and thiol-ene 
click reactions: 
(i) Multifunctional hybrid nanoparticles of iron oxide (Fe3O4) core, fluorescent 
dye-sensitized silica shell (DySiO2) and well-defined poly(poly(ethyleneglycol) 
methacrylate) (P(PEGMA)) biocompatible brushes; 
(ii) Narrowly-distributed hairy hollow polymer microspheres with a fluorescent 
poly(N-vinylcarbazole) (PVK) shell and temperature-responsive 
poly(N-isopropylacrylamide) (PNIPAM) brushes;  
(iii) Covalent grafting of binary polymer brushes to the surface of silica 
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core-copolymer shell (SiO2@copolymer) hybrid nanospheres with dual clickable 
functionalities on the surface. Hydrophobic polystyrene with terminal azide groups 
(PS-N3) and hydrophilic poly(ethylene glycol) with terminal thiol group (PEG-SH) 
were grafted consecutively on the hybrid nanosphere surface via the corresponding 
alkyne-azide and thiol-ene surface click reactions. Subsequent removal of the silica 
core produced the hairy hollow nanospheres with binary polymer brushes on the 
surface; 
(iv) Hairy rattle-type hybrid microspheres consisting of a metal nanocore (gold or 
silver), a poly(mathacrylic acid-co-divinylbenzene) (P(MAA-co-DVB)) shell, and 
functional polymer brushes clicked on the exterior surface. The incorporation of metal 
nanocore was achieved by using the gold@silica or silver@silica core-shell 
nanoparticles as templates for the formation of metal@silica@polymer core-double 
shell microspheres. The thiol-terminated polymer chains of hydrophilic poly(ethylene 
glycol) (PEG-SH) or thermoresponsive poly(N-isopropylacylamide) (PNIPAM-SH) 
were covalently grafted onto the residual double bonds of the DVB unit on the 
microsphere surface via the thiol-ene ‘click’ reaction to produce a hairy surface of 
tailored functionality. The application of bi-functional hollow microspheres for the 
confined heterogeneous catalytic reaction was also demonstrated; 
(v) Alkyne-azide and thiol-ene double ‘click’ reactions would be explored for the 
construction of pH-responsive, biocompatible and fluorescent multifunctional polymer 
hollow nanospheres for bi-modal biomedical applications as an imaging probe and a 
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5.2 Hairy Hybrid Nanoparticles of Magnetic Core, Fluorescent Silica Shell and 
Functional Polymer Brushes   
 
Scheme 5.1 Synthesis of the hairy hybrid nanoparticles with a magnetic core, 
fluorescent silica shell and functional polymer brushes. 
5.2.1 Experimental Section 
Synthesis of Magnetic and Fluorescent Core-shell Nanoparticles 
The fluorescent silica shell on the magnetic (Fe3O4) core was prepared via a modified 
Stöber method described below. FeCl2.4H2O (3.135 g, 0.0157 mol) and FeCl3 (5.116 g, 
0.0315 mol) were added into 100 mL of deionized water. After adding 12.7 mL of 
NaOH (10 M), the reaction mixture was stirred for 1 h at room temperature. The 
reaction mixture was then heated to 90oC under continuous stirring for another 1 h. 
About 0.33 mL of nitric acid was subsequently added to the reaction mixture for 0.5 h 
at 90oC. Trisodium citrate (0.3 M, 50 mL) was then added and the mixture was stirred 
for another 0.5 h. The reaction mixture was allowed to cool and acetone was added to 
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precipitate the iron oxides from the aqueous solutions. The mixture was centrifuged to 
collect the synthesized Fe3O4 nanoparticles. Deionized water was subsequently used to 
redisperse the Fe3O4 nanoparticles and the resultant Fe3O4 nanoparticles were purified 
by dialysis for one week. Prior to the fabrication of Fe3O4/DySiO2 core-shell 
nanoparticles, the dye solution was first prepared. About 1 mg of fluorescein 
isothiocyanate (FITC), 25 μL of APS and 5 mL of ethanol were added into a test tube 
and the mixture was stirred for 48 h in a vortex shaker. The Fe3O4/DySiO2 core-shell 
nanoparticles were prepared using a sol-gel process. About 12 mg of Fe3O4 was 
introduced into a 250 mL round bottom flask. Deionized water (25 mL), ethanol (120 
mL) and TEOS (2 mL) were then added. The reaction mixture was sonicated for 15 
min. Then, ammonia hydroxide (25 wt%, 3.8 mL) was added slowly into the reaction 
system with vigorously stirring. The dye solution prepared was introduced to the 
reaction system after 6 h. The reaction was allowed to proceed for another 18 h to form 
the Fe3O4/DySiO2 core-shell nanoparticles. The core-shell nanoparticles were further 
modified with 3-(trimethoxysilyl)-propyl methacrylate (MPS) by adding 2 mL of MPS 
into the reaction system, followed by stirring for 24 h. The nanoparticles were washed 
three times with a 1:1 (v/v) mixture of ethanol and water. 
 
Coating of Poly(vinylbenzyl chloride) (PVBC) on Fe3O4/DySiO2 Core-shell 
Nanoparticles via Distillation-precipitation Polymerization 
The core-shell nanoparticles with surface-immobilized MPS (Fe3O4/DySiO2-MPS, 0.1 
g) were dispersed into 40 mL of acetonitrile and the mixture was sonicated for 15 min. 
VBC (0.2 mL, monomer), EGDMA (0.3 mL, crosslinking agent) and AIBN (10 mg, 
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initiator) were subsequently added to the system. The round bottom flask was fitted 
with a fractionation column, a Liebig condenser, and a receiver. The reaction mixture 
was brought to boiling and was maintained under reflux condition. The reaction was 
stopped after approximately 10 mL of the acetonitrile had been distilled off from the 
reaction system in about 2 h. The resulting Fe3O4/DySiO2-PVBC nanoparticles were 
collected by centrifugation, washed with ethanol, and dried in a vacuum oven at 50oC. 
For the preparation of Fe3O4/DySiO2-PMAA hybrid nanoparticles, about 0.2 mL of the 
methacrylic acid (MAA), instead of VBC, were introduced into the reaction system 
before starting the polymerization reaction. 
 
Graft polymerization of poly(ethyleneglycol) monomethacrylate) (PEGMA) and 
styrene (St) from the Fe3O4/DySiO2-PVBC nanopartilces via surface-initiated 
atom transfer radical polymerization (ATRP) 
Surface-initiated ATRP was carried out to produce the Fe3O4/DySiO2-g-P(PEGMA) 
hybrid nanoparticles. About 50 mg of Fe3O4/DySiO2-PVBC nanoparticles were 
introduced into a Pyrex tube. About 5 mL of PEGMA was added to disperse the dried 
nanoparticles. The catalyst (CuCl, 4.3 mg) and ligand (Bpy, 20 mg) were then added. 
The mixture was degassed with purified argon for 15 min. The pyrex tube was sealed 
and the reaction mixture was stirred in a 30oC water bath for 24 h. After the reaction 
had completed, the reaction mixture was diluted with THF (25 mL, 1:5 ratio) and the 
nanoparticles were precipitated in diethyl ether. The Fe3O4/DySiO2-g-P(PEGMA) 
hybrid nanoparticles were washed with ethanol, centrifuged and dried. The polystyrene 
brushes were grafted from the Fe3O4/DySiO2-PVBC nanoparticles via the similar 
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5.2.2 Results and Discussion 
Procedures for the syntheses of magnetic and fluorescent Fe3O4/DySiO2 and 
Fe3O4/DySiO2-g-P(PEGMA) hybrid nanoparticles are illustrated in Scheme 5.1. The 
magnetic nanoparticles have an average diameter of around 8 nm. The as-synthesized 
Fe3O4 nanoparticles tend to aggregate. After the sol-gel reaction, the average diameter 
of the Fe3O4/DySiO2 core-shell nanoparticles increases to about 73 nm. Thus, the 
thickness of the silica shell is about 32 nm. The TEM image of the Fe3O4/DySiO2 
core-shell nanostructure is shown in Figure 5.1a. The AFM image in Figure 5.1b 
shows that the magnetic and fluorescent Fe3O4/DySiO2 core-shell nanoparticles have a 
smooth and well-defined surface. The maximum fluorescence of the Fe3O4/DySiO2 
nanoparticles occurs at about 518 nm, suggesting that the FITC dye has been 






         
    
Figure 5.1 TEM (a, c, e, f) and AFM (b and d) micrographs of the (a) and (b) 
Fe3O4/DySiO2 nanoparticles, (c) and (d) Fe3O4/DySiO2-g-P(PEGMA) nanoparticles, 
and (e) and (f) Fe3O4/DySiO2-PMAA nanoparticles. 
The carbon-carbon double bonds on the surface of Fe3O4/DySiO2 nanoparticles, 
introduced by the organosilicon coupling agent, 3-(trimethoxysilyl)propyl 
methacrylate (MPS), play an important role in the subsequent fabrication of core-shell 
hybrid nanospheres. The FT-IR spectrum of the MPS-modified Fe3O4/DySiO2 
(Fe3O4/DySiO2-MPS) nanoparticles is shown in Figure 5.2a. The distinct absorption 
band at 1637 cm-1 is associated with the vinyl group of MPS. The carbon-carbon 
double bonds on the surfaces of silica serve as polymerization sites during the 
subsequent distillation-precipitation polymerization. The Fe3O4/DySiO2-PVBC hybrid 
nanoparticles (PVBC = poly(4-vinylbenzyl chloride)) are prepared via 





Fe3O4/DySiO2-MPS core-shell nanoparticles as seeds. The FT-IR spectrum of the 
Fe3O4/DySiO2-PVBC nanoparticles in Figure 5.2b shows strong absorption peaks at 
710 cm-1 and 1452 cm-1, associated with the vibration of phenyl group in PVBC.  
 
Figure 5.2 FT-IR spectra of the (a) Fe3O4/DySiO2-MPS, (b) Fe3O4/DySiO2-PVBC, (c) 
Fe3O4/DySiO2-g-P(PEGMA) and (d) Fe3O4/DySiO2-g-PS nanoparticles. 
The X-ray photoelectron spectroscopy (XPS) wide-scan spectra of the nanoparticles 
before and after coating of PVBC are shown in Figures 5.3a and b, respectively. The 
photoelectron lines at the binding energy (BE) of about 200 eV is associated with the 
covalent Cl species of the PVBC layer. The C 1s core-level spectrum of the 
Fe3O4/DySiO2-PVBC nanoparticles (Figure 5.3c) can be curve-fitted with three peak 
components having BE at about 284.6, 286.3 and 288.7 eV, attributable to the 
C-C/C-H, C-Cl, and C=O-O species, respectively. The Cl 2p core-level spectrum 
(Figure 5.3d) of the nanoparticles consists of a spin-orbit split (Cl 2p3/2 and Cl 2p1/2) 




The chloromethyl groups on the Fe3O4/DySiO2-PVBC nanoparticle surfaces can serve 
as initiation sites for the subsequent surface-initiated ATRP to introduce functional 
polymer brushes. Poly(ethyleneglycol) monomethacrylate (PEGMA), a hydrophilic 
and non-toxic macromonomer, is selected to modify the nanoparticle surface. The 
FT-IR spectrum of Fe3O4/DySiO2-g-P(PEGMA) hybrid nanoparticles, with the 
surface-grafted hydrophilic and biocompatible PEGMA brushes via ATRP, is shown in 
Figure 5.2c. The absorption peak at 1720 cm-1 is assigned to the C=O stretching 
vibration. The spectrum also shows a strong absorption band at around 2900 cm-1, 
associated with the stretching vibration of –CH2 groups of the P(PEGMA) brushes. 
The ATRP-mediated grafting of P(PEGMA) brushes on the silica shell has caused a 
significant decrease in the intensity of the Si signal in the XPS wide-scan spectrum of 
the nanospheres (Figure 5.3e). The C 1s core-level spectrum (Figure 5.3f) can be 
curve-fitted into three peak components with BEs at about 284.6, 286.1 and 288.6 eV, 
attributable to the C-C/C-H, C-Cl and C=O-O species of the P(PEGMA) brushes 
grafted on the nanoparticle surface.  
 
The morphology of Fe3O4/DySiO2-g-P(PEGMA) hybrid nanoparticles is revealed by 
TEM and AFM images of Figures 5.1c and d, respectively. From the TEM image, the 
tri-layer structure consisting of a magnetic Fe3O4 core, a silica inner shell, and a 
polymer outer shell of lower contrast is discernible. The grafted P(PEGMA) brushes 
are well-defined and give rise to the particles with a “hairy” surface, as suggested by 
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the AFM image in Figure 5.1d. After grafting of P(PEGMA) brushes on the surface of 
nanoparticles, the fluorescence spectrum and the maximum emission peak (~518 nm) 
of the Fe3O4/DySiO2-g-P(PEGMA) hybrid nanoparticles remain similar to those of the 
starting Fe3O4/DySiO2 nanoparticles.. The magnetic functionality is preserved in the 
hybrid composites. The decrease in saturation magnetization (Ms) values in the 
Fe3O4/DySiO2 and Fe3O4/DySiO2-g-P(PEGMA)  nanoparticles is consistent with the 
substantial decrease in effective mass of the magnetic cores in the silica-coated and the 
hybrid nanoparticles. 
 
The Fe3O4/DySiO2-PVBC nanoparticles provide a common platform for grafting, via 
surface-initiated ATRP, of various functional polymer brushes on the magnetic and 
fluorescent nanoparticles. Styrene (St), for example, can be graft polymerized from the 
surface of nanoparticles to produce the hydrophobic polystyrene (PS) brushes for 
dispersing in organic solvents. Figure 5.2d shows the FT-IR spectrum of the resulting 
Fe3O4/DySiO2-g-PS nanoparticles. The characteristic absorption bands at 1200-1600 
cm-1 and 698 cm-1 and 756 cm-1 are associated with the stretching vibration of the 
benzene ring of PS. After grafting of the PS brushes, the XPS wide scan spectrum of 
the Fe3O4/DySiO2-g-PS nanoparticles is dominated by the C 1s signial at the BE of 
about 285 eV (Figure 5.3g). The appearance of a high BE tail at about 291.2 eV in the 
C 1s core-level spectrum (Figure 5.3h), associated with the π-π* shake up satellite of 
aromatic rings, is consistent with the presence of surface grafted PS chains. In addition, 
temperature and pH dual-responsive poly(2-(dimethylamino)ethyl methacrylate) 
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(PDMAEMA) can be grafted from the surface of magnetic and fluorescent core-shell 
nanoparticles. PDMAEMA is of importance in gene delivery systems and for protein 
separation, arising from its unique electrostatic interaction with DNA, enzymes and 
certain drugs.139-140 
 
Moreover, the degree of interaction of the encapsulated core with its surrounding 
environment can be controlled via adjusting the thickness and introduction of 
stimuli-responsive properties into the polymer shell. During distillation-precipitation 
polymerization, pH-responsive monomer of methacrylic acid (MAA) was used instead 
of 4-vinylbenzyl chloride. The TEM image of the so-obtained Fe3O4/SiO2-PMAA 
hybrid nanoparticles (Figure 5.1e) reveals a soft polymer shell of low contrast 
encapsulating a dense inorganic core. The polymer outer shell of about 15 nm in 
thickness is readily discernible in the TEM image of higher magnification (Figure 5.1f). 
The thickness of the PMAA shell encapsulating the inorganic core can also be 











Figure 5.3 XPS wide-scan spectra of the (a) Fe3O4/DySiO2 and (b) 
Fe3O4/DySiO2-PVBC; (c) C 1s and (d) Cl 2p core-level spectra of the 
Fe3O4/DySiO2-PVBC; wide-scan and C 1s core-level spectra of (e) and (f) the 




5.3 Hairy Hollow Microspheres of Fluorescent Shell and Temperature-Responsive 
Brushes via Combined Distillation-Precipitation Polymerization and Thiol-ene 
Click Chemistry 
 
Scheme 5.2 Schematic illustration of the fabrication of air@PVK-PNIPAM hairy 
hollow microspheres by combined sol-gel reaction, distillation-precipitation 
polymerization and thiol-ene click chemistry.  
5.3.1 Experimental Section 
Preparation of Silica Core-Poly(N-vinylcarbazole) Shell (SiO2@PVK) 
Microspheres 
MPS-modified silica template microspheres were prepared according to modified 
Stöber method. About 9 mL of TEOS was added to a mixture of 150 mL of ethanol, 15 
mL of deionized water and 3 mL of ammonia. The mixture was stirred vigorously at 
room temperature for 2 h. Then, 2 ml of MPS was added to the silica sol over a period 
of 24 h. After the reaction, the MPS modified silica microspheres (SiO2-MPS) were 
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purified by three re-dispersion/centrifugation cycles in a 1: 1 ethanol : deionized water 
mixture (100 mL:100 mL). 
The fluorescent SiO2@PVK core-shell microspheres were prepared by distillation 
precipitation polymerization of VCz, with DVB as the cross-linker and AIBN as the 
initiator, in acetonitrile. Briefly, about 0.1 g of the SiO2-MPS seed microspheres was 
dispersed in 20 mL of acetonitrile with the aid of sonification for 30 min. A mixture of 
VCz (0.15 g, 0.78 mmol), DVB (0.15 mL, 1 mmol) and AIBN (6 mg, 0.036 mmol) 
was then added to the flask to initiate the polymerization. The polymerization reaction 
was allowed to proceed for 3 h under reflux conditions. The resultant SiO2@PVK 
microspheres were dispersed in 30 mL of THF, followed by re-precipitation in 10 mL 
of n-hexane under centrifugation (8,000 rpm), and then in 30 mL of acetone and 30 mL 
of ethanol to remove the un-reacted monomers and oligomers. The SiO2@PVK 
microspheres were dried in a vacuum oven at 50oC until a constant weight was 
obtained. PVK shells of 14, 19 and 23 nm in thickness were tuned by using VCz feed 
concentrations of 0.04, 0.045 and 0.05 M, respectively. Finally, SiO2@PVK 
microspheres with diameters of 226, 235 and 244 nm were obtained. 
Synthesis of Thiol-terminated Poly(N-isopropylacrylamide) (PNIPAM-SH) via 
RAFT Polymerization 
The thiol-terminated PNIPAM (PNIPAM-SH) chains were synthesized via reversible 
addition-fragmentation chain transfer (RAFT) polymerization of NIPAM and 
subsequent thiol-modification. The NIPAM monomer (2.26 g, 0.02 mol), V-70 
initiator (3.3 mg, 0.01 mmol) and DMP chain transfer agent (CTA, 31.5 mg, 0.08 
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mmol) were introduced into 2 mL of THF in a dry flask. The solution was degassed 
with argon for 20 min. The reaction tube was then sealed and stirred at 65 °C for 3 h. 
The reaction mixture was diluted with THF, and poured into an excess volume (200 
mL) of diethyl ether to precipitate the polymer product. The as-prepared polymers 
chains (PNIPAM-CTA) were further purified by three cycles of dispersion and 
precipitation in THF and diethyl ether, respectively. About 1.5 g of light-yellow 
powder was obtained after drying the sample in a vacuum oven at room temperature 
overnight (Gel permeation chromatography measurements: Mn = 11,600 g/mol, 
polydispersity index or PDI = 1.32). 
 
About 0.4 g of the so-obtained PNIPAM-CTA was dispersed in 50 mL of methanol. 
Then, about 1 mL of NaBH4 in methanol solution (1 M) was added to the polymer 
solution under vigorous stirring. The reaction mixture was stirred at room temperature 
for 48 h under an argon atmosphere to ensure complete reduction of the dithioester 
terminal groups to thiol groups. During this period, the originally light-yellow solution 
turned colorless. The resultant thiol-terminated PNIPAM (PNIPAM-SH) was dialyzed 
against deionized water for 72 h and the solvent was removed by rotary evaporation. 
Finally, about 0.35 g of PNIPAM-SH was obtained as white powders. 
 
Preparation of the Hairy PVK-PNIPAM Hollow Microspheres 
(air@PVK-PNIPAM Microspheres) 
About 0.075 g of the SiO2@PVK microspheres (SiO2@PVK Core-shell-2 of Table 5.1) 
and 0.15 g of PNIPAM-SH was introduced into 10 mL of acetonitrile in a reaction 
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flask under vigorous stirring. Then, about 0.02 g of AIBN initiator was added into the 
reaction mixture after degassing by argon for 15 min. The flask was sealed and the 
reaction was allowed to proceed at 70oC for 18 h. The resultant hairy 
SiO2@PVK-PNIPAM hybrid core-shell microspheres were purified using procedures 
similar to those for the SiO2@PVK core-shell microspheres. 
 
The hairy hollow air@PVK-PNIPAM microspheres were prepared by removal of the 
inorganic SiO2 core from the SiO2@PVK-PNIPAM hairy microspheres by HF etching. 
About 50 mg of the SiO2@PVK-PNIPAM microspheres was stirred in 10 mL of 20% 
HF at room temperature for 24 h to ensure the complete dissolution of the silica shell. 
The excess HF and SiF4 were removed from the air@PVK-PNIPAM hairy hollow 
microspheres by dialysis in deionized water for one week. Finally the hairy hollow 
microspheres were freeze-dried. To investigate the mechanical stability of the hollow 
microspheres, the as-synthesized hairy PVK-PNIPAM hollow microspheres were 
immersed in HCl solution of pH 2 for 24 h and then NaOH solution of pH 12 for 24 h. 
Finally, the hairy hollow microspheres were collected by centrifugation at 10,000 rpm 








5.3.2 Results and Discussion  
  
  
Figure 5.4 (a) FESEM and (b) TEM images of the SiO2-MPS seed microspheres 
prepared by sol-gel process; TEM images of the (c) SiO2@PVK Core-shell-1 and (d) 
SiO2@PVK Core-shell-2 microspheres prepared by distillation-precipitation 
polymerization. 
Procedures for the synthesis of poly(N-vinylcarbazole)-poly(N-isopropylacrylamide) 
hairy hollow microspheres (air@PVK-PNIPAM microspheres) with a fluorescent PVK 
shell and temperature-responsive PNIPAM brushes are illustrated in Scheme 5.2. 
Initially, the silica-3-(trimethoxysilyl) propylmethacrylate (SiO2-MPS) template 
microspheres with an average diameter of about 200 nm were synthesized via the 
modified Stöber process. The field-emission scanning electron microscopy (FESEM) 





microspheres are shown in Figures 5.4a and b, respectively. The images reveal that the 
SiO2-MPS template microspheres are narrowly-distributed with a smooth surface. The 
FT-IR spectrum of the SiO2-MPS microspheres is shown in Figure 5.5a. The 
absorption peak at 1098 cm-1 is assigned to the asymmetric stretching vibration of the 
Si-O-Si bonds. The absorption peak at 1631 cm-1 is attributable to the stretching 
vibration of vinyl groups on the SiO2-MPS surfaces. These carbon-carbon double 
bonds will serve as initiation and anchoring sites for the subsequent surface-initiated 
radical polymerization for the preparation of SiO2@PVK core-shell microspheres. 
 
Figure 5.5 FT-IR spectra of the (a) SiO2-MPS seed microspheres, (b) SiO2@PVK 
Core-shell-2 microspheres, and (c) SiO2@PVK-PNIPAM hairy core-shell 
microspheres. 
Narrowly-dispersed SiO2@PVK microspheres were synthesized by 
distillation-precipitation polymerization of N-vinylcarbazole (VCz), in the presence of 
divinylbenzene (a cross-linking agent), from the SiO2-MPS template microspheres. 
TEM images of the so-obtained SiO2@PVK microspheres with two different PVK 
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shell thicknesses of about 14 and 19 nm are shown in Figures 5.4c and d, respectively. 
A uniform polymeric shell of lower image contrast surrounding the inorganic silica 
core is readily discernible. The cross-linked PVK shells of different thickness can be 
obtained via adjustment of the initial VCz monomer concentration during 
distillation-precipitation polymerization. The size, size distribution and shell thickness 
of the resultant SiO2@PVK microspheres are summarized in Table 5.1.  













SiO2-MPS Core 197 203 1.03 - 9 
SiO2@PVK Core-shell-1d 226 229 1.01 14 6 
SiO2@PVK Core-shell-2d 235 240 1.02 19 5 
SiO2@PVK Core-shell-3d 244 249 1.02 23 8 
a Dn is the number-average diameter, Dw is the weight-average diameter, PDI is the 
polydispersity index; b The shell thickness of the core-shell was measured from the 
FESEM images; c CV is the coefficient of variation or the ratio of standard deviation to 
the mean; d The SiO2@PVK (PVK = poly(N-vinylcarbazole)) core-shell microspheres 
were prepared via surface-initiated distillation-precipitation polymerization of 
N-vinylcarbazole (VCz, monomer) and divinylbenzene (DVB, cross-linker) in 
acetonitrile. Different thickness of the polymer shell on silica core was achieved by 
varying the weight ratio of (VCz+DVB) to SiO2-MPS (MPS = 
3-(trimethoxysilyl)propylmethacrylate) from 3 to 3.5 and 4. The 
2,2’-azobisisobutyronitrile (AIBN, initiator) was kept at 2 wt% of (VCz+DVB), and 
the weight ratio of VCz to DVB was 1:1. 
The X-ray photoelectron spectroscopy (XPS) wide-scan spectra of the SiO2-MPS 
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template microspheres and the SiO2@PVK Core-shell-2 microspheres of Table 5.1 are 
shown in Figures 5.6a and b, respectively. The photoelectron lines at the binding 
energies (BE) of about 102 and 154 eV are associated with the Si 2p and Si 2s species 
from the SiO2-MPS template microspheres. The Si 2p and Si 2s signals are barely 
discernible in the XPS wide-scan spectrum of the SiO2@PVK microspheres (Figure 
5.6b), consistent with the fact that the grafted PVK shell thickness (~19 nm) is greater 
than the probing depth of the XPS technique (~8 nm in an organic matrix).141  
 
Figure 5.6 XPS wide-scan spectra of the (a) SiO2-MPS seed microspheres, (b) 
SiO2@PVK Core-shell-2 microspheres, (c) SiO2@PVK-PNIPAM hairy core-shell 
microspheres, and (d) air@PVK-PNIPAM hairy hollow microspheres. 
Figures 5.7a and b show the UV-visible absorption spectra of the SiO2-MPS 
microspheres before and after surface grafting of a cross-linked PVK shell. For the 
SiO2@PVK core-shell microspheres, the absorption peak at 295 nm, which is absent in 
the SiO2-MPS precursor microspheres, is characteristic of PVK. The fluorescence 
spectrum of the SiO2@PVK microspheres dispersed in ethanol (0.5 mg/mL), measured 
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at an excitation wavelength of 295 nm, is shown in Figure 5.8a. 
    
Figure 5.7 UV-visible absorption spectra of the (a) SiO2-MPS seed microspheres, (b) 
SiO2@PVK Core-shell-2 microspheres and (c) SiO2@PVK-PNIPAM hairy core-shell 
microspheres. 
  
Figure 5.8 Fluorescence spectra of the (a) SiO2@PVK Core-shell-2 microspheres and 
(b) SiO2@PVK-PNIPAM hairy core-shell microspheres (λEx = 295 nm). 
The two emission peaks at 349 and 365 nm are assigned to the excited monomer and 
the partially overlapped excimer of the carbazole moieties, respectively. The emission 
peak at 420 nm, associated with the sandwich-like excimer fluorescence of the totally 
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eclipsed conformation, is of reduced intensity, consistent with the presence of a limited 
extent of totally eclipsed conformation (isotactic sequence) in a cross-linked PVK 
shell.142-144 
 
For the synthesis of fluorescent SiO2@PVK microspheres, DVB was selected as a 
cross-linking agent. Not only does it have the similar rigid molecular structure as that 
of PVK, the PDVB polymer also provides residual carbon-carbon double bonds on the 
surface of core-shell microspheres after distillation-precipitation polymerization. The 
FT-IR absorption peak of the SiO2@PVK microspheres at around 1630 cm-1 is 
attributable to the stretching vibration of double bonds from the DVB segments 
(Figure 5.5b). These vinyl groups on the fluorescent SiO2@PVK microspheres will 
allow subsequent grafting of the thiol-terminated poly(N-isopropylacrylamide) 
(PNIPAM-SH) chains, prepared a priori by reversible addition-fragmentation chain 
transfer (RAFT) polymerization, via the thiol-ene click reaction to produce the hairy 
core-shell microspheres (Scheme 5.2). The molecular weight and molecular weight 
distribution of the chain transfer agent-terminated PNIPAM chains from RAFT 
polymerization (PNIPAM-CTA) and the corresponding PNIPAM-SH chains were 
characterized by gel permeation chromatography. PNIPAM-CTA has a number average 
molecular weight (Mn) of about 11,600 g/mol and a polydispersity index (PDI) of 1.32. 
The molecular weight and distribution of PNIPAM-SH remain practically the same as 
those of PNIPAM-CTA, albeit for the presence of a high molecular weight fraction in 
the elution curve of PNIPAM-SH, suggesting disulfide coupling some chains (about 
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30%) has occurred during the reduction process. The chemical shift at about 2.9 ppm 
in the 1H NMR spectrum of PNIPAM-CTA suggests the persistent of chain transfer 
agent at the polymer chain end after RAFT polymerization. 
 
Figure 5.5c shows the FT-IR spectrum of SiO2@PVK-PNIPAM microspheres from the 
thiol-ene click reaction of SiO2@PVK microspheres with the PNIPAM-SH chains. The 
absorption peak at 1701 cm-1 is associated with the characteristic amide stretching 
vibration of the PNIPAM brushes. The almost complete disappearance of C=C 
stretching vibration absorption at 1630 cm-1 indicates that most of the C=C bonds have 
been hydrothiolated. The residual C=C bonds are embedded in the cross-linked PVK 
shell, and are therefore inaccessible to the thiol-ene click reaction at the shell surface. 
The SiO2@PVK-PNIPAM microspheres are hydrophilic and can be dispersed in water 
at room temperature. The morphology of SiO2@PVK-PNIPAM microspheres is 
revealed by the FESEM and TEM images of Figures 5.9a and b, respectively. The 
FESEM image suggests that the well-defined spherical shape of the microspheres is 
retained after the thiol-ene click reaction. The hairy core-shell structure is suggested by 
the coarse surface structure of the SiO2@PVK-PNIPAM microspheres in the TEM 
image under higher magnification (Figure 5.9b).  
140 
 
   
   
Figure 5.9 FESEM and TEM images of the (a) and (b) SiO2@PVK-PNIPAM hairy 
core-shell microspheres, (c) and (d) air@PVK-PNIPAM hairy hollow microspheres. 
The UV-visible absorption spectrum (Figure 5.7c) and fluorescence spectrum (Figure 
5.8b) of the SiO2@PVK-PNIPAM microspheres indicate that the optical properties of 
PVK shell are retained after grafting of the PNIPAM-SH brushes to the core-shell 
microspheres.The grafting density of PNIPAM brushes on the SiO2@PVK 
microspheres was calculated from the weight loss of grafted PNIPAM chains in 
thermo-gravimetric analysis (TGA, Figure 5.10). Weight retention at 800oC is 70.3% 
for the SiO2@PVK microspheres and 68.6% for the SiO2@PVK-PNIPAM hairy 
microspheres. Using the weight loss data, the densities of silica and polymer (2.07 and 





PNIPAM brushes of 11,600 g/mol, the grafting density of PNIPAM brushes on the 
SiO2@PVK core-shell microspheres was calculated to be about 0.1 chains/nm2. 
 
Figure 5.10 Thermo-gravimetric analysis (TGA) traces of the (a) SiO2@PVK 
Core-shell-2 microspheres and (b) the corresponding SiO2@PVK-PNIPAM hairy 
core-shell microspheres. TGA was performed in air at a heating rate of 20 oC/min from 
25 to 800 oC. 
HF etching of the SiO2@PVK-PNIPAM microspheres removes the SiO2 template core 
and gives rise to the air@PVK-PNIPAM hairy hollow microspheres with a fluorescent 
shell and temperature-responsive brushes. The FESEM and TEM images of the hairy 
air@PVK-PNIPAM hollow microspheres are shown in Figures 5.9c and d, respectively. 
The bowl-like shape of the resultant air@PVK-PNIPAM hollow microspheres, similar 
to that of the red blood cells (RBCs) in human beings,145 is readily discernible in the 
FESEM image. The TEM image in Figure 5.9d suggests that the silica core has been 
removed from the SiO2@PVK-PNIPAM microspheres to produce the hollow polymer 
microspheres. The removal of silica core from the SiO2@PVK-PNIPAM microspheres 
is further ascertained by energy-dispersive X-ray (EDX) analysis. In comparison with 
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that of the EDX spectrum of SiO2@PVK-PNIPAM microspheres in Figure 5.11a, the 
Si signal in the EDX spectrum of air@PVK-PNIPAM hollow microspheres (Figure 
5.11b) is barely discernible. 
 
The so-obtained air@PVK-PNIPAM hollow microstructure is of great interest not only 
for its unique morphology, but also for its function. The grafted PNIPAM brushes have 
endowed the hollow microspheres with thermo-responsive properties. The 
hydrodynamic diameters (Dh) of the air@PVK-PNIPAM hairy hollow microspheres 
were characterized by dynamic laser scattering (DLS). As shown in Figure 5.12, the 
average hydrodynamic size of the air@PVK-PNIPAM microspheres decreases from 
about 354 nm to about 308 nm as the temperature of the aqueous medium increases 
from 25 to 50oC. This change in particle sizes is consistent with the fact that the 
grafted PNIPAM brushes exhibit a lower critical solution temperature (LCST) behavior 
in aqueous media. As temperature of the medium rose to above LCST of about 32 oC, 
the grafted PNIPAM brushes in the hairy hollow microspheres associated 
hydrophobically on the PVK shell to decrease the effective hydrodynamic diameter of 




Figure 5.11 EDX analysis spectra of the (a) SiO2@PVK-PNIPAM hairy core-shell 
microspheres, and (b) air@PVK-PNIPAM hairy hollow microspheres. 
The mechanical stability of the air@PVK-PNIPAM hairy hollow microspheres is one 
of the most important criteria governing their practical applications. The hairy hollow 
structure the air@PVK-PNIPAM microspheres were retained, upon exposure to an acid 
medium (pH 2, t = 24 h), base solution (pH 12, t = 24 h) and high centrifugation force 
(10,000 rpm), as shown by the respective FESEM and TEM images of the stressed 
microspheres in Figures 5.13a and b, respectively. No broken or fractured 
microspheres were observed. The stability of the hairy hollow microspheres is 
probably associated with the cross-linked nature of the PVK shell. Moreover, the 





organic solvents (such as ethanol, THF and DMF) and aqueous medium at room 
temperature, due to the simultaneous presence of a hydrophobic PVK shell and 
hydrophilic PNIPAM brushes. The good stability and dispersity in both organic 
solvents and aqueous media allow further device fabrication of these hairy hollow 
microspheres via solution-processing.  
 
Figure 5.12 Hydrodynamic diameters (Dh) of the air@PVK-PNIPAM hairy hollow 
microspheres in the aqueous medium at two different temperature of 25 and 50oC. 
  
Figure 5.13 (a) FESEM and (b) TEM images of the air@PVK-PNIPAM hairy hollow 
microspheres, after explosure to acid (HCl, pH 2) for 24 h, base solution (NaOH, pH 
12) for 24 h and high centrifugation force (10,000 rpm). 




controlled by varying the size of SiO2 template microspheres during the sol-gel process. 
The thickness of PVK shell and the length of PNIPAM brushes can also be regulated 
through the simple adjustment of initial VCz monomer concentration and 
molecular-weight of the PNIPAM chains, respectively. Moreover, the SiO2@PVK 
microspheres are produced by surface-initiated distillation-precipitation 
polymerization in a “grafting from” process. The grafting of PNIPAM-SH brushes to 
the surface of SiO2@PVK microspheres via the thiol-ene click reaction, on the other 
hand, is a “grafting to” process. The present work has thus illustrated the versatility of 
combining the “grafting from” and “grafting to” processes in the construction of 















5.4 Binary Polymer Brushes on Silica@Polymer Hybrid Nanospheres and Hollow 
Polymer Nanospheres by Combined Alkyne-Azide and Thiol-Ene Surface Click 
Reactions 
 
Scheme 5.3 Schematic illustration of the synthesis of binary polymer brushes on the 
silica@copolymer core-shell hybrid nanosphere surface via the alkyne-azide and 
thiol-ene dual click reactions. 
5.4.1 Experimental Section 
Materials 
Methacrylic acid (MAA, Sigma-Aldrich, 99%) was purified by vacuum distillation. 
Divinylbenzene (DVB80, Fluka, containing 80% divinylbenzene isomers,) was 
washed with 5% aqueous sodium hydroxide and water and then dried over anhydrous 
magnesium sulfate. Styrene (St, Sigma-Aldrich, 99%,) and propargyl methacrylate 
(PMA, Alfa Aesar, 98%,) were passed through a inhibitor removing column prior to 
being stored under an argon atmosphere at -10oC. 2,2’-Azobisisobutyronitrile (AIBN, 
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Kanto, 97%) was recrystallized from methanol. Tetraethyl orthosilicate (TEOS, 
Sigma-Aldrich, 98%,), 3-(trimethoxysilyl)propylmethacrylate (MPS, Sigma-Aldrich, 
98%,), N,N,N’,N’,N’´-pentamethyldiethylenetriamine (PMDETA, Sigma-Aldrich, 
99%,), O-[2-(3-mercaptopropionylamino)ethyl]-O′-methylpolyethylene glycol 5,000 
(PEG-SH, Sigma-Aldrich, Mn = 5,000 g/mol,), hydrofluoric acid (HF, Riedel-de Häen, 
48%,), ammonia solution (NH3.H2O, Merck, 25 wt%,), sodium azide (NaN3, Merck, 
extra pure), acetonitrile (Merck, HLPC grade), dimethylformamide (DMF, Merck, 
HPLC grade), tetrahydrofuran (THF, Fisher Scientific, AR) were used as received 
without further purification. 
 
Synthesis of the SiO2@P(MAA-co-PMA-co-DVB) Core-Shell Nanospheres by 
Distillation-Precipitation Copolymerization 
Silica template nanospheres were prepared via sol-gel reaction according to the 
modified Stöber method.146 In an actual reaction, about 9 mL (0.040 mol) of tetraethyl 
orthosilicate (TEOS) was added drop-wise to a mixture of ethanol (150 mL), 
de-ionized water (15 mL) and 25 wt% mmonia solution (3 mL). The reaction mixture 
was stirred for 6 h at room temperature. Then, 2 mL (8.4 mmol) of 3-(trimethoxysilyl) 
propylmethacrylate (MPS) was introduced into the silica sol and the reaction was 
allowed to proceed for another 18 h. After the reaction, the resulting silica nanospheres 
with C=C double bonds on the surface were purified by three 
centrifugation/re-dispersion cycles in acetone, ethanol and de-ionized water. The silica 
template nanospheres were finally dried in a vacuum oven at room temperature 
overnight. About 3.3 g of silica template nanospheres with an average diameter of 151 
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nm were finally obtained. 
 
The SiO2@P(MAA-co-PMA-co-DVB) core-shell nanospheres were prepared by 
distillation-precipitation copolymerization of methacrylic acid (MAA), propargyl 
methacrylate (PMA) and divinylbenzene (DVB) in acetonitrile. Briefly, about 0.20 g of 
the SiO2 template nanospheres were first dispersed in 40 mL of acetonitrile with the 
aid of sonication for 0.5 h in a 100 mL two-neck round-bottom flask, equipped with a 
reflux condenser. A mixture of MAA (0.30 mL, 3.5 mmol), PMA (0.15 mL, 1.2 mmol), 
DVB (0.15 mL, 1.1 mmol) and 2,2-azobisisobutyronitrile (AIBN, 10 mg, 0.061 mmol) 
was then introduced into the flask. The polymerization temperature was increased from 
room temperature (25oC) to the reflux temperature of the reaction mixture over a 
period of 25 min. The copolymerization reaction was then allowed to proceed for 4 h 
under reflux conditions. The synthesized SiO2@P(MAA-co-PMA-co-DVB) core-shell 
hybrid nanospheres were collected by centrifugation and cleaned with 50 mL each of 
tetrahydrofuran (THF), acetone and ethanol, in that order, to remove the un-reacted 
monomers and oligomers. The SiO2@P(MAA-co-PMA-co-DVB) core-shell 
nanospheres were finally dried in a vacuum oven at 50oC until a constant weight was 
obtained. The core-shell nanospheres had an average diameter of 179 nm. 
 
Synthesis of the SiO2@P(MAA-co-PMA-co-DVB) Nanospheres with 
Surface-Clicked Polystyrene Chains via the Alkyne-Azide Click Reaction 
The azido-terminated polystyrene (PS-N3) chains were prepared a priori via atom 
transfer radical polymerization (ATRP) of styrene, followed by substitution reaction of 
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terminal bromide with sodium azide in dimethylformamide (DMF). A mixture of 
styrene (10 mL, 87 mmol), CuBr (0.32 g, 2.2 mmol), ethyl 2-bromoisobutyrate (EBIB, 
0.31 mL, 2.2 mmol) and diphenyl ether (1.1 mL) in a 50 mL two-neck round-bottom 
flask was degassed by three freeze-evacuate-thaw cycles. Then, 
N,N,N’,N’,N’´-pentamethyldiethylenetriamine (PMDETA, 0.46 mL, 2.2 mmol) was 
introduced and the reaction mixture was stirred at 90 oC for 6 h. The reaction mixture 
was diluted with THF, and passed through a neutral Al2O3 column to remove the 
copper catalyst. The resulting solution of polystyrene with an alkyl bromide chain end 
(PS-Br) was concentrated by rotary evaporation, followed by precipitation in methanol 
and drying under reduced pressure. For the preparation of PS-N3 chains, about 2.0 g of 
the PS-Br and NaN3 (0.13 g, 2.0 mmol) were dissolved in 20 mL of 
dimethylformamide (DMF). The reaction mixture was stirred at room temperature for 
24 h. The azido-terminated polystyrene (PS-N3) chains were obtained by precipitation 
of the reaction mixture into 100 mL of the methanol/water (1/1, v/v) mixture, followed 
by drying under reduced pressure. Gel permeation chromatography (GPC) 
measurement indicated that the PS-N3 chains had a number-average molecular weight 
(Mn) of 2550 g/mol and a narrow polydispersity (PDI) of 1.15. 
 
For the alkyne-azide surface click reaction on the nanospheres, about 0.25 g of the 
SiO2@P(MAA-co-PMA-co-DVB) core-shell nanospheres, 0.15 g (0.38 mmol) of 
PS-N3 and 14 mg (0.10 mmol) of CuBr, were first dispersed in 16 mL of DMF. The 
reaction mixture was degased with argon for 30 min. Then, 18 μL (0.09 mmol) of the 
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PMDETA was quickly introduced into the mixture prior to sealing the flask under an 
argon atmosphere. The reaction mixture was stirred in a 60oC water bath for 24 h. The 
reaction mixture was cooled and the core-shell nanospheres were collected by 
centrifugation. The nanospheres were washed with DMF three times to remove the 
un-reacted PS-N3 chains. After the final centrifugation, the particles were rinsed with a 
solution of the sodium salt of EDTA and a water/ethanol (1/1, v/v) mixture (to remove 
the copper catalyst) to finally obtain the SiO2@P(MAA-co-PMA-co-DVB)-click-PS 
nanospheres.  .  
 
Click-Grafting of Poly(ethylene glycol) Chains on the 
SiO2@P(MAA-co-PMA-co-DVB)-click-PS Nanospheres via the Thiol-ene Click 
Reaction 
About 0.12 g of the SiO2@P(MAA-co-PMA-co-DVB)-click-PS nanospheres and 0.25 
g (0.05mmol) of O-[2-(3-mercaptopropionylamino)ethyl]-O′-methylpolyethylene 
glycol (PEG-SH, Mn = 5,000 g/mol, Sigma-Aldrich) was introduced into 10 mL of 
acetonitrile in a reaction flask under vigorous stirring. The reaction mixture was 
degassed with argon for 15 min. Then, 0.020 g (0.12 mmol) of AIBN initiator was 
added into the reaction mixture. The flask was sealed under an argon atmosphere and 
the reaction was allowed to proceed at 70oC for 24 h. The resultant 
SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres were washed three 
times with ethanol and aceton to remove the un-reacted PEG-SH chains. The hairy 
nanospheres had an average diameter of 184 nm.  




The hollow polymer nanospheres with surface-grafted binary brushes, or 
air@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres, were prepared by HF 
etching of the inorganic silica core in the 
SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres. Briefly, 0.1 g of the 
SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres were stirred in 10 mL of 
20% HF at room temperature for 24 h to dissolve the silica core. (Caution: HF is 
hazardous and very corrosive. Goggles and gloves must be worn during the operation.) 
The excess HF and SiF4 were removed from hairy hollow nanospheres by dialysis in 
deionized water for one week. Finally the hairy hollow 














5.4.2 Results and Discussion 
Table 5.2 Size, size distribution and shell thickness of the SiO2@polymer nanospheres 












SiO2 151 165 1.18 - 9 
SiO2@P(MAA-co-PMA-co-DVB) 179 204 1.10 15/19 7 
SiO2@P(MAA-co-PMA-co-DVB)-
click-PS/PEG 
184 212 1.06 17/24 6 
a MAA = methacrylic acid, PMA = propargyl methacrylate, DVB = divinylbenzene, PS 
= polystyrene, and PEG = poly(ethylene glycol). b Dn is the number-average diameter 
from field-effect scanning electron microscopy (FESEM) images, Dh is the 
hydrodynamic diameter in dimethylformamide (DMF) from dynamic light scattering 
(DLS), and PDI is the polydispersity index. c The shell thickness of the SiO2@polymer 
nanospheres was measured from the transmission electron microscopy (TEM) 
images/DLS results. For DLS analysis, a suspension of the nanospheres in DMF at a 
concentration of 0.5 mg/mL was used. d CV is the coefficient of variation or the ratio of 
the standard deviation to the mean of particle size (CV = δ/Dn). 
Procedures for the covalent attachment of polystyrene/poly(ethylene glycol) (PS/PEG) 
binary polymer brushes on the SiO2@polymer nanospheres are illustrated in Scheme 
5.3. The SiO2@P(MAA-co-PMA-co-DVB) core-shell hybrid nanospheres with an 
average diameter of 179 nm were first synthesized using the 151-nm silica nanosphere 
templates with C=C double bonds on the surface from sol-gel reaction of tetraethyl 
orthosilicate (TEOS) and 3-(trimethoxysilyl)propyl methacrylate (MPS), followed by 
distillation-precipitation copolymerization of methacrylic acid (MAA), propargyl 
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methacrylate (PMA) and divinylbenzene (DVB) in acetonitrile. The as-synthesized 
SiO2@P(MAA-co-PMA-co-DVB) core-shell nanospheres have functional alkyne 
groups and residual double-bonds on the polymer outer-shell, thus providing dual 




Figure 5.14 Transmission electron microscopy (TEM) micrographs and field-effect 








(b’) SiO2@P(MAA-co-PMA-co-DVB) and (c) and (c’) 
SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres.  
Figures 5.14a and b show the respective TEM images of the silica template core and 
SiO2@P(MAA-co-PMA-co-DVB) core-shell nanospheres. The TEM image of Figure 
5.14b reveals a polymer shell encapsulating a dense silica core, giving rise to a 
distinctive core-shell hybrid nanostructure. The FESEM images are shown in Figure 
5.14. The surface morphology of the SiO2@P(MAA-co-PMA-co-DVB) core-shell 
nanospheres in the FESEM image of Figure 5.14b’ suggests that the 
narrowly-dispersed nanoparticles with dual clickable surface functionalities retain a 
well-defined spherical shape after surface-initiated copolymerization from the silica 
templates. The increase in size of the SiO2@copolymer core-shell nanospheres from 
that of the silica nanospheres is readily discernible from the TEM and FESEM images 
under the same magnification. 
 
Figure 5.15 1H NMR spectra of polystyrene (PS) prepared from atom transfer radical 
polymerization before and after end-group transformation: (bottom) alkyl 




Figure 5.16 Gel permeation chromatography (GPC) elution curve of azido-terminiated 
polystyrene (PS-N3) chains in tetrahydrofuran (THF) at an elution rate of 1.0 mL 
min−1.  
Surface modification of substrates with hydrophobic/hydrophilic polymer brushes can 
be carried out via the “grafting from” or “gafting to” approach. Azido-terminated 
polystyrene (PS-N3) and thiol-termniated poly(ethylene glycol) (PEG-SH) were 
selected for the respective alkyne-azide and thiol-ene click reactions on the 
SiO2@P(MAA-co-PMA-co-DVB) core-shell nanosphere with dual clickable surface 
functionalities. The PS-N3 chains were prepared via atom transfer radical polymer 
(ATRP) of styrene (PS-Br), followed by substitution reaction of terminal bromide with 
sodium azide in DMF. The resultant azido-terminated PS (PS-N3) chains were 
characterized by 1H NMR spectroscopy and gel permeation chromatography (GPC). 
The conversion of PS-Br chains to PS-N3 chains was confirmed by 1H NMR 
spectroscopy in Figure 5.15. Before the substitution reaction, the chemical shift for the 
proton next to the terminal bromide atom (d) was at 4.4 ppm. After transformation of 
the PS-Br to PS-N3 chains, the chemical shift at 4.4 ppm has disappeared. The new 
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chemical shift at 3.8 ppm (e) corresponds to the proton next to the azido groups, 
suggesting that the PS-N3 chains have been prepared. The GPC analysis result of 
PS-N3 is shown in Figure 5.16. The PS-N3 chains have a number-average molecular 
weight (Mn) of 2550 g/mol and a narrow polydispersity or PDI of 1.15.  
 
The PEG-SH polymer chains (Mn = 5,000 g/mol) were characterized by FT-IR 
spectroscopy and X-ray photoelectron spectroscopy, or XPS. The functional –SH 
groups located at the end of the polymer chains were used for the subsequent thiol-ene 
click reaction at the surface. Binary PS/PEG brushes were clicked on the shell surface 
of the SiO2@P(MAA-co-PMA-co-DVB) core-shell nanospheres via consecutive 
alkyne-azide and thiol-ene surface click reactions. The morphology of the resultant 
SiO2@polymer hybrid nanospheres with binary polymer brushes (the 
SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres) is revealed by TEM 
and FESEM images of Figures 5.14c and c’, respectively. Nanospheres of well-defined 
spherical shape are retained after the consecutive alkyne-azide and thiol-ene click 
reactions of the PS and PEG brushes on the surface of 
SiO2@P(MAA-co-PMA-co-DVB) hybrid core-shell nanospheres. The covalent 
grafting of PS and PEG chains on the core-shell nanospheres produces a hairy surface, 
as suggested by the increase in shell thickness and surface roughness of the 
nanospheres in the TEM image (Figure 5.14c). The average diameter of the 
SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres, as determined from the 
FESEM and TEM images, increases from 179 nm of that of the 
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SiO2@P(MAA-co-PMA-co-DVB) core-shell nanospheres to about 184 nm. The 
hydrodynamic diameter (Dh) of the as-synthesized hairy core-shell hybrid nanospheres 
is further determined by dynamic light scattering (DLS), as shown in Table 5.2. The Dh 
of the core-shell nanospheres dispersed in DMF increases from 204 nm to 212 nm 
upon click grafting of the PS/PEG binary brushes on the surfaces.  
 
 
Figure 5.17 X-ray photoelectron spectroscopy (XPS) analysis of the (a) 
SiO2@P(MAA-co-PMA-co-DVB), (b,c) SiO2@P(MAA-co-PMA-co-DVB)-click-PS, 
and (d) SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres. 
XPS was used to identify the changes in chemical composition of the nanospheres with 
surface-grafted binary polymer brushes. Figure 5.17 shows the XPS C 1s core-level 
spectra of the nanospheres before and after surface click grafting of the binary PS/PEG 











core-shell nanospheres in Figure 5.17a can be curve-fitted with three peak components 
having binding energies (BEs) at about 284.6, 286.2 and 288.9 eV, attributable to the 
C-C/C-H, C-O, and C=O-O species, respectively. The respective C-O and C=O-O 
species are associated with the ester groups of PMA and carboxylic acid groups of 
MAA. The alkyne-azide click reaction of PS-N3 brushes on the shell surface has 
caused an increase in the intensity of the C-C/C-H signal in the XPS C 1s core-level 
spectrum of the SiO2@P(MAA-co-PMA-co-DVB)-click-PS nanospheres (Figure 
5.17b). The appearance of high BE signal at about 291 eV, associated with the π-π* 
shake up satellite of aromatic rings, is consistent with the presence of surface-grafted 
PS brushes. The formation of 1,2,3-triazole groups after 1,3-dipolar cycloaddition of 
PS-N3 chains on the nanosphere surface is suggested by the XPS N 1s core-level 
spectrum of the SiO2@P(MAA-co-PMA-co-DVB)-click-PS nanospheres in Figure 
5.17c. The N 1s peak components of the nanospheres at the BE of 398.2 and 399.6 eV 
and with an area ratio (molar ratio) of 2:1 are associated, respectively, with the imine 
(-N=) and amine (-N-) species in the triazole ring. The subsequent thiol-ene click 
grafting of PEG brushes on the nanosphere has caused an increase in intensity of the 
C-O signal in the C 1s core-level spectrum of the 
SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres of Figure 5.17d. 
 
Grafting densities of the respective PS and PEG brushes on the SiO2@polymer 
nanospheres were determined from the corresponding weight losses of clicked PS and 
PEG chains in thermogravimetric analysis (TGA, Figure 5.18) to be 0.5 chain/nm2 and 
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0.1 chains/nm2. The lower grafting density of PEG chains on the surfaces via the 
thiol-ene click reaction is probably due to the sterical hindrance from the initially 
grafted PS-N3 chains on the nanosphere surface.147 The grafted PS brushes on the 
nanosphere surface hinder the subsequent access of PEG-SH chains to the surface 
reaction sites (residual carbon-carbon double bonds). 
 
Figure 5.18 Thermogravimetric analysis (TGA) of the (a) SiO2, (b) 
SiO2@P(MAA-co-PMA-co-DVB), (c) SiO2@P(MAA-co-PMA-co-DVB)-click-PS and 
(d) SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres. 
HF etching of the so-obtained SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG hairy 
core-shell hybrid nanospheres removes the silica template core and gives rise to the 
air@P(MAA-co-PMA-co-DVB)-click-PS/PEG hairy hollow nanospheres with 
hydrophobic/hydrophilic binary brushes on the shell surfaces. The FESEM and TEM 
images of the air@P(MAA-co-PMA-co-DVB)-click-PS/PEG hairy hollow 
nanospheres are shown in Figures 5.19a and b, respectively. The biconcave shape of 
the hollow nanospheres is similar to that of the red blood cells (RBCs) in human 
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beings. The TEM image of air@P(MAA-co-PMA-co-DVB)-click-PS/PEG 
nanospheres in Figure 5.19b suggests that the silica core has been removed, giving rise 
to the unique hairy hollow structure.  
  
Figure 5.19 (a) Field-effect scanning electron microscopy (FESEM) and (b) TEM 
micrographs of the air@P(MAA-co-PMA-co-DVB)-click-PS/PEG hairy hollow 
nanospheres. 
The successful removal of the silica core from the 
SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres is further ascertained by 
energy-dispersive X-ray (EDX) analysis. In comparison with the EDX spectrum of the 
starting SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres in Figure 5.20a, 
the Si signal in the EDX spectrum of the 
air@P(MAA-co-PMA-co-DVB)-click-PS/PEG hairy hollow nanospheres in Figure 
5.20b is barely discernible. Thus, a unique nanostructure of hollow nanospheres with 
binary brushes on the surfaces have been prepared by combining the conventional 
sol-gel reaction and distillation-precipitation polymerization with the alkyne-azide and 
thiol-ene ‘click’ reactions. The unique nanostructure consists of a hollow cavity for 




protein antifouling resistance in drug delivery systems. In addition, the alkyne-azide 
and thiol-ene click grafting of PS/PEG binary polymer brushes on the particle surface 
are the “grafting to” approach, in which the nature, such as chain length and 
functionality, of end-functionalized polymer chains can be precisely controlled prior to 
the covalent attachment.  
  
 
Figure 5.20 Energy dispersive X-ray (EDX) analysis spectra of the (a) 
SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG nanospheres and (b) 










5.5 Hairy Hybrid Microrattles of Metal Nanocore with Functional Polymer Shell 
and Brushes 
 
Scheme 5.4 Schematic illustration of the synthesis of hairy metal@air@polymer 
hybrid microrattles with a metal nanocore, a cross-linked polymer shell and functional 
polymers brushes on the exterior surface. 
5.5.1 Experimental Section 
Materials 
Gold (III) chloride trihydrate (99%), silver nitrate (99%), 4-nitrophenol (98%), 
tetraethyl orthosilicate (TEOS, 98%), 
O-[2-(3-mercaptopropionylamino)ethyl]-O′-methylpolyethylene glycol 5,000 
(PEG-SH, Mn = 5,000 g/mol), and N-isopropylacrylamide (NIPAM, 97%) were used as 
received from Sigma-Aldrich Chemical Co. Methacrylic acid (MAA, 99%, 
Sigma-Aldrich) was purified by vacuum distillation. Divinylbenzene (DVB80, Fluka, 
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containing 80% divinylbenzene isomers) was washed with 5% aqueous sodium 
hydroxide and water and then dried over anhydrous magnesium sulfate. 
2,2’-Azobisisobutyronitrile (AIBN, Kanto, 97%) was recrystallized from methanol. 
The thiol-terminated poly(N-isopropylacrylamide) (PNIPAM-SH) chains were 
synthesized according to procedures reported in the literature1 (from gel permeation 
chromatography or GPC measurements: Mn = 11,600 g/mol, polydispersity index or 
PDI = 1.32). Polyvinylpyrrolidone (PVP, 40,000 g/mol, Fluka), formaldehyde (37%, 
Nacalai Tesque), hydrofluoric acid (HF, 48%, Riedel-de Häen), ammonia solution (25 
wt%, Merck), sodium borohydride (NaBH4, Merck), acetonitrile (HLPC grade, Merck) 
were all used without further purification. 
 
Synthesis of the Au@SiO2@Poly(methacrylic acid-co-divinylbenzene) 
(Au@SiO2@P(MAA-co-DVB)) and Ag@SiO2@P(MAA-co-DVB) Core-Double 
Shell Microspheres via Distillation-Precipitation Polymerization 
Gold nanoprticles (Au NPs) were prepared according to the standard sodium citrate 
reduction method. Briefly, 30 mL of aqueous solution of hydrogen tetrachloroaurate 
(III) trihydrate (HAuCl4.3H2O, 0.022 g, 0.056 mmol) in a 50 mL round bottom glass 
flask was heated to reflux under magnetic stirring, followed by addition of a given 
volume of freshly prepared aqueous solution of trisodium citrate. The reduction of 
HAuCl4 was then initiated by trisodium citrate. The reaction was allowed to proceed 
under reflux for 0.5 h. About 4 mg of PVP was added to the mixture to stabilize the Au 
NPs as the reaction mixture was cooled to ambient temperature. Au NPs of different 
sizes were produced using similar procedures by varying the ratio of sodium tricitrate 
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to gold (III) chloride trihydrate. Thus, Au NPs of 18, 23 and 45 nm in average 
diameters were obtained using trisodium citrate concentration of 3.5, 2.0 and 1.5 mM, 
respectively.  
 
3-(Trimethoxysilyl) propylmethacrylate-modified gold@silica core-shell microspheres 
(Au@SiO2-MPS) were prepared according to the modified Stöber method. Briefly, 10 
mL of the aqueous Au NPs was first mixed with 40 mL of ethanol and 0.15 mL (0.67 
mmol) of TEOS. The reaction mixture was placed in an ultrasonic water bath for 15 
min prior to the addition of 1.2 mL of ammonia solution (25 wt%). The reaction 
mixture was sealed and stirred for 6 h at room temperature to allow for the coating of 
silica on Au NPs. About 0.15 mL of MPS (0.63 mmol) was then added and the reaction 
mixture was stirred for an additional 18 h to allow for the modification of the silica 
surface with MPS. After the reaction, the resulting Au@SiO2-MPS core-shell 
nanospheres were cleaned three times by dispersing the particles in THF, followed by 
centrifugation using n-hexane as the precipitating agent. The purified Au@SiO2-MPS 
particles were dried in a vacuum oven at room temperature overnight. Thus the 
Au@SiO2-MPS core-shell particles of 59, 70 and 90 nm in shell-thicknesses were 
synthesized via the sol-gel process using initial TEOS feed concentrations of 0.15, 0.20 
and 0.25 mL, respectively. 
 
For the synthesis of silver nanoparticles (Ag NPs), silver nitrate was used as the 
precursor. About 0.85 g of AgNO3, 1.1 g of PVP and 1.5 mL of formaldehyde were 
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introduced into 50 mL of deionized water in a 100 mL round-bottom glass flask. About 
0.30 g of anhydrous sodium hydroxide in 10 mL of water was then added into the 
reaction mixture. Upon addition of sodium hydroxide, the reaction mixture turned grey 
instantaneously. The synthesized silver NPs were separated from the solution by 
adding four times the volume of acetone. The mixture was then centrifuged at 6000 
rpm for 6 min. The black precipitate was washed three times with an acetone/water 
mixture (v/v = 3/1). The synthesized 38-nm Ag NPs were finally re-dispersed into 80 
mL of ethanol for the subsequent silica coating process.  
 
The Ag@SiO2-MPS core-shell NPs were synthesized by the sol-gel process, similar to 
that used for the fabrication of Au@SiO2-MPS core-shell NPs. About 8 mL of the 
ethanol dispersion of Ag NP seeds, 5 mL of deionized water, 14 mL of ethanol and 
0.10 mL (0.44 mmol) of TEOS were introduced into a 25 mL round bottom flask. The 
mixture was stirred for 10 min prior to adding 0.8 mL of ammonia solution (25 wt%, 
Merck) and the reaction mixture was stirred for 6 h. 0.1 mL of MPS was then added 
and the resulting mixture was left stirring for an additional 18 h. The reaction mixture 
was centrifuged at 8200 rpm for 10 min. The resultant Ag@SiO2-MPS core-shell 
microspheres were cleaned and dried using procedures similar to those used for the 
Ag@SiO2-MPS core-shell NPs. 
 
For the synthesis of Au@SiO2@P(MAA-co-DVB) (or Ag@SiO2@P(MAA-co-DVB)) 
core-double shell microspheres, About 0.02 g of the Au@SiO2-MPS (or 
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Ag@SiO2-MPS) core-shell microspheres were dispersed into 10 mL of acetonitrile 
under ultrasonication. A mixture of methacrylic acid (MAA, 60 μL, 0.70 mmol), 
divinylbenzene (DVB, a crosslinking agent, 40 μL, 0.29 mmol) and 
2,2′-azobisisobutyronitrile (AIBN, 2.0 mg, 0.012 mmol) were then introduced into the 
flask to initiate the polymerization. The polymerization reaction was allowed to 
proceed under reflux for 4 h. The Au@SiO2@P(MAA-co-DVB) core-double shell 
microspheres were purified by extraction three times with acetonitrile and ethanol to 
remove the un-reacted monomers and oligomers. 
 
Synthesis of the Au@SiO2@P(MAA-co-DVB)-click-PEG and 
Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM Hairy Core-Double Shell 
Microspheres via the Thiol-ene Surface Click Reaction  
About 0.02 g of the Au@SiO2@P(MAA-co-DVB) microspheres and 0.10 g of the 
PEG-SH (or PNIPAM-SH) were introduced into 10 mL of acetonitrile in a reaction 
flask under vigorous stirring. After degassing by argon for 15 min, 0.020 g of the 
AIBN initiator was added into the reaction mixture. The flask was sealed and the 
thiol-ene click reaction was allowed to proceed at 75oC for 48 h. The resulting 
Au@SiO2@P(MAA-co-DVB)-click-PEG microspheres were purified three times with 
ethanol to remove the un-reacted PEG-SH chains. Similar procedures were used for 
the preparation of the hairy Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM core-double 
shell microspheres from the surface ‘click’ reaction between the 
Ag@SiO2@P(MAA-co-DVB) core-double shell microspheres and PNIPAM-SH 
home-polymer chains.  
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Preparation of the Hairy Hybrid Microrattles by HF Etching of the Hairy 
Core-double Shell Microspheres  
The hairy Au@air@P(MAA-co-DVB)-click-PEG (or 
Ag@air@P(MAA-co-DVB)-click-PNIPAM) hybrid microrattles were prepared by 
selective removal of the silica inner-shell from the respective 
Au@SiO2@P(MAA-co-DVB)-click-PEG  (or Ag@ 
SiO2@P(MAA-co-DVB)-click-PNIPAM) hybrid microspheres in 24% HF for 6 h. The 
etching process was repeated twice to ensure the complete removal of the silica 
inner-shell. The resulting hybrid microrattles were cleaned by dialysis until the pH of 
medium became constant upon the complete removal of residual HF and SiF4 from the 
system.  
 
For the spatially confined catalytic reduction of p-nitrophenol in the microrattles, bout 
0.50 mL of the Au@air@P(MAA-co-DVB)-click-PEG microrattles suspension (5.6 
x10-6 M with respect to the gold precursor concentration) in de-ionized water was 
added to 1 mL of NaBH4 (Merck, 0.6 M) in a quartz cell. The mixture was 
magnetically stirred for 30 min at room temperature. p-Nitrophenol (1.5 mL, 1.7 x 10-4 
M) was then quickly added to the reaction mixture. The progress of the catalytic 
reaction was monitored by UV-visible absorption at the wavelength of 400 nm at an 





5.5.2 Results and Discussion 
   
   
  
Figure 5.21 TEM and FESEM micrographs of the (a) 18 nm gold (Au) nanocores, (b) 
135 nm Au@SiO2-MPS, and (c) 196 nm Au@SiO2-MPS core-shell microspheres, (d) 
308 nm Au@SiO2@P(MAA-co-DVB) core-double shell microspheres, and (e) and (f)  
Ag@air@P(MAA-co-DVB)-click-PNIPAM hybrid microrattles. 
Procedures for the synthesis of hairy hybrid microrattles, consisting of a metal (gold or 






exterior surface, from the hairy core-double shell microspheres are shown in Scheme 
5.4. Initially, Au@SiO2-MPS and Ag@SiO2-MPS core-shell templates with C=C 
double bonds on the surface were prepared via coating of a silica shell on the metal 
(Au or Ag) nanocores in the sol-gel reaction of tetraethyl orthosilicate (TEOS) and 
3-(trimethoxysilyl)propyl methacrylate (MPS). Subsequently, distillation-precipitation 
polymerization of methacrylic acid (MAA), in the presence of divinylbenzene (DVB, a 
cross-linking agent), from the Au@SiO2-MPS (or Ag@SiO2-MPS) core-shell 
nanoparticle (NP) templates produces the Au@SiO2@P(MAA-co-DVB) (or 
Ag@SiO2@P(MAA-co-DVB)) core-double shell microspheres with residual C=C 
double bonds from the DVB units on the surface. The thiol-terminated poly(ethylene 
glycol) (PEG-SH) or poly(N-isopropylacrylamide) (PNIPAM-SH) chains are grafted 
onto the surface of Au@SiO2@P(MAA-co-DVB) core-double shell microspheres via 
the surface thiol-ene ‘click’ reaction. Finally, the hairy 
Au@air@P(MAA-co-DVB)-click-PEG (or 
Ag@air@P(MAA-co-DVB)-click-PNIPAM) hybrid microrattles consisting of a gold 
(or silver) nanocore, cross-linked poly(MAA-co-DVB) polymer shell and functional 
PEG (or PNIPAM) brushes on the exterior surfaces, are obtained through selective 
removal of the silica inner-shell by HF etching of the hairy 
Au@SiO2@P(MAA-co-DVB)-click-PEG (or 





Table 5.3 Size, size distribution and shell thickness of the metal@silica core-shell and 










Au nanocore-1 18 19 1.09 - 21 
Au nanocore-2 23 23 1.03 - 19 
Au nanocore-3 45 47 1.04 - 18 
Ag nanocore 38 56 1.48 - 39 
Au@SiO2-MPS core-shell-1c 135 139 1.03 59 13 
Au@SiO2-MPS core-shell-2c 157 168 1.07 70 15 
Au@SiO2-MPS core-shell-3c 196 207 1.06 90 9 
Ag@SiO2-MPS core-shell 70 73 1.05 16 13 
Au@SiO2@P(MAA-co-DVB) 
core-double shelld 
308 315 1.02 56 11 
Ag@SiO2@P(MAA-co-DVB) 
core-double shell 
160 169 1.06 45 15 
aDn is the number-average diameter, Dw is the weight-average diameter, PDI is the 
polydispersity index, and CV is the coefficient of variation. bThe shell thickness of the 
core-shell and core-double shell was determined from the TEM images. cThe 
Au@SiO2-MPS core-shell microspheres were prepared using the Au nanocore-1 as 
seeds. dAu@SiO2@P(MAA-co-DVB) core-double shell microspheres were prepared 
using the Au@SiO2-MPS core-shell-3 as seeds.  
Gold NPs of 18, 23 and 45 nm in diameter were synthesized, a priori, via the standard 
sodium citrate reduction method (Table 5.3), by tuning the molar ratio of sodium 
citrate to hydrogen tetrachloroaurate trihydrate (gold precursor) from 2:1 to 1.5:1 to 
1:1, respectively. Figure 5.21a shows the transmission electron microscopy (TEM) 
image of the synthesized Au NPs with an average diameter of 18 nm. The thickness of 
subsequent silica coating can be controlled by varying the TEOS precursor 
concentration in the sol-gel reaction. The TEM images of 135- and 196-nm 
Au@SiO2-MPS core-shell nanospheres with the corresponding silica shell thicknesses 
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of 59 and 90 nm are shown in Figures 5.21b and 1c, respectively. Well-defined 
core-shell NPs with uniform surfaces are observed in these TEM images. The size, size 
distribution and shell thickness of as-synthesized Au@SiO2-MPS core-shell 
nanospheres are summarized in Table 5.3. The Fourier-transform infrared (FT-IR) 
spectrum of Au@SiO2-MPS core-shell nanospheres reveals an absorption peak at 1632 
cm-1, associated with the C=C group from MPS on the surface of Au@SiO2-MPS 
core-shell template NPs. 
 
 
Figure 5.22 XPS wide-scan and C 1s core-level spectra of the (a and b) 
Au@SiO2@P(MAA-co-DVB), and (c and d) 
Au@SiO2@P(MAA-co-DVB)-click-PEG. 
Distillation-precipitation polymerization has recently been explored for the synthesis 





for drug delivery systems (DDS). In this work, distillation-precipitation polymerization 
of MAA was carried out in the presence of DVB in acetonitrile, using the 
Au@SiO2-MPS core-shell-3 NPs of Table 5.3 as templates, to produce the core-double 
shell microspheres with a cross-linked P(MAA-co-DVB) outer-shell. The PEG-thiol 
chains (PEG-SH, Mn 5,000 g/mol) were subsequently grafted to the exterior surface of 
the Au@SiO2@P(MAA-co-DVB) core-double shell microspheres via the surface 
thiol-ene ‘click’ reaction (Scheme 5.4). The field-emission scanning electron 
microscopy (FESEM) image of the as-prepared Au@SiO2@P(MAA-co-DVB) 
core-double shell microspheres of 308 nm in average size is shown in Figure 5.21d. 
The microspheres retain the spherical structure after the formation of a cross-linked 
polymer outer-shell on the Au@SiO2-MPS core-shell NPs. The TEM image (inset of 
Figure 5.21d) of the synthesized Au@SiO2@P(MAA-co-DVB) microspheres reveals 
an outer polymer shell of low contrast encapsulating a dense Au@SiO2 inorganic 
core-shell particle. The cross-linked poly(MAA-co-DVB) outer shell of the 
core-double shell microspheres is about 56 nm in thickness. In addition to providing a 
cross-linked, stable (resistant to acid, base and organic solvent) and rigid polymer 
outer shell, the PDVB segments also provide residual C=C double bonds on the 
exterior surface of the Au@SiO2@P(MAA-co-DVB) microspheres.148 The FT-IR 
spectrum of the Au@SiO2@P(MAA-co-DVB) core-double shell microspheres shows 
an absorption peak at 1632 cm-1, confirming the persistence of vinyl groups from 
PDVB segments on the microsphere surfaces. These C=C groups will serve as active 
sites for the ‘click’ reaction with thiol-terminated polymer chains to produce the hairy 
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functional microspheres.  
 
Poly(ethylene glycol) (PEG) and its derivatives have been widely used in biomedical 
and biomaterials applications.149 The PEG chains with thiol-terminal groups were first 
characterized by X-ray photoelectron spectroscopy, or XPS and were used to modify 
the exterior surface of Au@SiO2@P(MAA-co-DVB) core-double shell microspheres 
via the surface thiol-ene ‘click’ reaction. Figures 5.22a and b show the respective 
wide-scan and C1s core-level spectra of the Au@SiO2@P(MAA-co-DVB) 
microspheres prior to click grafting of the PEG brushes. The XPS C 1s core-level 
spectrum in Figure 5.22b shows predominantly two peak components having binding 
energies (BEs) at 284.6 and 288.8 eV, attributable to the C-C/C-H and O=C-O species, 
respectively, of the cross-linked P(MAA-co-DVB) outer shell of the microspheres. 
After grafting of the PEG brushes via the surface click reaction, the XPS wide-scan 
spectrum of the Au@SiO2@P(MAA-co-DVB)-click-PEG microspheres in Figure 
5.22c shows an increase in the relative intensity of O 1s signal. The XPS C 1s 
core-level spectrum of the microspheres (Figure 5.22d) can be curved-fitted with three 
peak components having BEs at about 284.6, 286.1, and 288.8 eV, attributable to the 
C-C/C-H, C-O/C-S and O=C-O species, respectively.150 The C-O/C-S species are 
associated with the grafted PEG brushes on the exterior surface of the microspheres. 
The FT-IR absorption bands of the Au@SiO2@P(MAA-co-DVB)-click-PEG 
microspheres at 1164 and 1380 cm-1 are associated, respectively, with the vibration of 
C-O and –CH3 groups from the grafted PEG brushes on the exterior surface of 
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microspheres. The silica inner-shell in the Au@SiO2@P(MAA-co-DVB)-click-PEG 
core-double shell microspheres serves as the sacrificial materials in the production of 
Au@air@P(MAA-co-DVB)-click-PEG rattle-type hollow structures.  
 
Silica can be readily coated on many colloidal particles via sol-gel reaction to from 
core-shell nanostructures.46 Well-defined Ag nanocore, Ag@SiO2-MPS core-shell NPs, 
Ag@SiO2@P(MAA-co-DVB) core-double shell and 
Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM hairy core-double shell microspheres, as 
well as the corresponding Ag@air@P(MAA-co-DVB)-click-PNIPAM hairy hybrid 
microrattles, were also synthesized in the present work to illustrate the versatility of 
the approach to hollow polymer microspheres with different kinds of metal nanocore 
in the void space and polymer brushes on the exterior surface. For the modification of 
exterior surfaces via the thiol-ene coupling reaction, thermoresponsive PNIPAM-SH 
chains with a molecular weight of 11,600 g/mol and polydispersity index (PDI) of 1.32 
were grafted to the outer-shell of the Ag@SiO2@P(MAA-co-DVB) microspheres to 
produce the hairy Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM core-double shell 
microspheres. The XPS wide-scan and C 1s core-level spectra and the FT-IR 
absorption spectra of the microspheres before and after click reaction further confirms 
the grafting of PNIPAM brushes on the Ag@SiO2@P(MAA-co-DVB) core-double 
shell microspheres surface. The XPS wide scan spectrum of the 
Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM core-double shell microspheres shows a 
new peak component with BE at about 400 eV, attributable to the N 1s species from 
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the grafted PNIPAM brushes on the exterior surface. The FT-IR spectrum of hairy 
Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM core-double shell microspheres exhibit 
two new absorption peaks at 1648 cm-1 (amide I mode of C=O) and 1550 cm-1 (amide 
II mode of N-C=O), which are characteristic of the stretching vibration of the amide 
groups from PNIPAM brushes.151 The vinyl absorption band at 1632 cm-1 from the 
PDVB segments has disappeared completely after the thiol-ene click reaction. 
 
The thermoresponsive behavior of the grafted PNIPAM brushes on the exterior surface 
of core-double shell microspheres was characterized by dynamic light scattering (DLS) 
measurements. The hydrodynamic diameter (Dh) of hairy 
Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM core-double shell microspheres 
decreases from 258 nm to 212 nm as the temperature of the aqueous medium increases 
from 25 to 50oC. This phenomenon is due to the fact that PNIPAM exhibits a lower 
critical solution temperature (LCST) of 32oC in an aqueous solution.152 When the 
temperature of medium is higher than LCST, the grafted PNIPAM brushes on the 
exterior surface of the core-double shell microspheres associate hydrophobically, 
leading to the decrease in hydrodynamic size of the 
Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM microspheres. Hairy 
Ag@air@P(MAA-co-DVB)-click-PNIPAM hybrid microrattles were obtained after 
selective HF etching of the silica inner-shell from the 
Ag@SiO2@P(MAA-co-DVB)-click-PNIPAM microspheres. The FESEM and TEM 
images of the synthesized hairy Ag@air@P(MAA-co-DVB)-click-PNIPAM hybrid 
176 
 
microrattles are shown in Figures 5.21e and f, respectively. The silver nanocore 
encapsulated in the hollow cavity of the microsphere appears as bright spots in the 
FESEM micrograph when imaged at a high voltage of 15 kV. Well-defined rattle-type 
hybrid hollow structures are discernible from the TEM images of Figure 5.21f.  
 
Figure 5.23 Catalytic reduction of p-nitrophenol in the cavity of 
Au@air@P(MAA-co-DVB)-click-PEG hybrid microrattles (C0 and Ct are the initial 
and instantaneous concentrations of p-nitrophenol, respectively, C0 = 8.5 x 10-5 M). 
The inset is the TEM image of the synthesized hybrid microrattle with a gold nanocore 
(18 nm in diameter) and PEG brushes (Mn = 5,000 g/mol) on the exterior surfaces.  
Polymer based nanoreactor systems have recently been explored for living-radical 
polymerization and organic reactions.153-155 One of the advantages of synthesizing 
hairy hybrid microrattles with the exterior surface decorated by hydrophilic PEG 
brushes is their enhanced dispersity in an aqueous medium. The present hairy 
Au@air@P(MAA-co-DVB)-click-PEG hybrid microrattles were employed as a 
nanoreactor system for the well-established reduction of p-nitrophenol to 
p-aminophenol to illustrate their potential applications. Hairy 
Au@air@P(MAA-co-DVB)-click-PEG hybrid microrattles were initially dispersed in 
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an aqueous medium upon brief sonication, followed by equilibrating in the NaBH4 
solution (0.6 M) for 30 min at room temperature (25oC). Upon addition of 
p-nitrophenol into the mixture, catalytic reduction was initiated by the Au NP in the 
confined space. Figure 5.23a shows the p-nitrophenol concentration changes in the 
presence of Au@air@P(MAA-co-DVB)-click-PEG hybrid microrattles (1.9 x 10-6 M) 
as monitored by UV-visible absorption spectra of the reaction mixtures. The 
characteristic peak of the reactant p-nitrophenol at 400 nm decreases as the catalytic 
reaction proceeds. While the intensity of peak at around 300 nm, assigned to the 
product p-aminophenol, presents an increase with the reaction time. During this 
process, p-nitrophenol first diffused through the polymer shell into the hollow cavity. 
The catalytic reduction was then initiated by electron transfer from the donor BH4− to 
the substrate p-nitrophenolate ion on the Au NP surface.156 Finally, the p-aminophenol 
product desorbed from the gold NP surfaces and diffused out of the hairy polymer shell. 
No catalytic reduction of p-nitrophenol was observed in the absence of 
Au@air@P(MAA-co-DVB)-click-PEG hybrid microrattles. Thus, the synthesized 
hairy hybrid microrattles can serve as a spatially confined nanoreactor system for 








5.6 Hairy Polymer Hollow Nanospheres of Clickable and Bioactive Surface: 
Synthesis, Characterization and Applications in Imaging and Drug Delivery 
 
Scheme 5.5 Schematic illustration of the synthesis of biocompatible and fluorescent 
polymer hollow nanospheres via combination of dual ‘click’ reactions (alkyne-azide 
and thiol-ene reactions) with sol-gel reaction and distillation-precipitation 
polymerization. 
5.6.1 Experimental Section 
Materials 
Tetraethyl orthosilicate (TEOS, 98%), 3-(trimethoxysilyl)propylmethacrylate (MPS, 
98%), methacrylic acid (MAA, 99%), 4-vinylbenzyl chloride (VBC, 97%), 
O-[2-(3-Mercaptopropionylamino)ethyl]-O′-methylpolyethylene glycol 5,000 
(PEG-SH) were obtained from Sigma-Aldrich Chem. Co. Divinylbenzene (Fluka, 
DVB80, containing 80% divinylbenzene isomers) was washed with 5% aqueous 
sodium hydroxide and water and dried over anhydrous magnesium sulfate prior to use. 
MAA was purified by vacuum distillation. 4-Vinylbenzyl chloride (VBC, 97%) was 
passed through an inhibitor-removing column. 2,2’-Azobisisobutyronitrile (AIBN) was 
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obtained from Kanto Chemical Co. (Tokyo, Japan) and recrystallized in anhydrous 
methanol. The propargyloxy fluorescein (alkyne-substituted fluorescent dye, 
FD-C≡CH) was synthesized according to the method reported in the literature.157 
Hydrofluoric acid (HF, 48%) was obtained from Riedel-de Haën Chem. Co. Ammonia 
solution (25%), acetonitrile (HPLC grade) and ethanol (analytical grade) were 
obtained from Merck Chem. Co. and were used without further purification.  
 
Synthesis of the SiO2@P(MAA-co-DVB-co-VBC) Core-Shell Hybrid Nanospheres 
by Distillation-Precipitation Polymerization 
The silica nanosphere templates were first prepared via the sol-gel process according 
to the modified Stöber method.77, 146 About 9 mL of TEOS was added dropwise to a 
mixture of 150 mL of ethanol, 15 mL of deionized water and 3 mL of ammonia 
solution (25 wt%). The reaction mixture was stirred at room temperature for 6 h. Then, 
2 mL (8.4 mmol) of MPS was introduced and the sol-gel reaction was allowed to 
continue for another 18 h. After the reaction, the resultant MPS-modified silica 
nanosphere templates (SiO2-MPS) were purified by three centrifugation/redispersion 
cycles in acetone, ethanol and deionized water. The silica template nanospheres were 
dried in a vacuum oven at room temperature overnight. MPS-modified silica template 
nanospheres with average diameters of 113, 150 and 197 nm were prepared with the 
reaction time of 12, 24 and 36 h, respectively. 
 
The SiO2@P(MAA-co-DVB-co-VBC) core-shell nanospheres were prepared by 
distillation-precipitation copolymerization of MAA and VBC in acetonitrile, using 
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DVB as the crosslinking agent and AIBN as the initiator,.158-159 Briefly, 0.2 g of the 
SiO2-MPS template nanospheres was first dispersed in 40 mL of acetonitrile with the 
aid of sonification for 0.5 h. A mixture of MAA (0.30 mL, 3.5 mmol), VBC (0.10 mL, 
0.65 mmol), DVB (0.1 mL, 0.70 mmol) and AIBN (10 mg, 0.061 mmol) was then 
added to the flask to initiate the polymerization. The polymerization reaction was 
allowed to proceed for 4 h under reflux conditions. The resulting 
SiO2@P(MAA-co-DVB-co-VBC) core-shell nanospheres were cleaned with THF, 
acetone and ethanol to remove the un-reacted monomers and oligomers. The 
SiO2@P(MAA-co-DVB-co-VBC) core-shell nanospheres were dried in a vacuum 
oven at 50oC until a constant weight was obtained.  
 
Synthesis of the SiO2@P(MAA-co-DVB-co-VBC)-click-PEG/FD via Thiol-ene and 
Alkyne-azide Click Chemistry  
The PEG-SH chains (Mn = 5,000 g/mol, Sigma-Aldrich) were grafted onto the 
P(MAA-co-DVB-co-VBC) core-shell nanospheres via the thiol-ene coupling reaction.  
Briefly, 0.2 g of the SiO2@P(MAA-co-DVB-co-VBC) core-shell nanospheres and 0.5 
g (0.1 mmol) of thiol-terminated PEG (PEG-SH) were introduced into 40 mL of 
acetonitrile in a reaction flask under vigorous stirring. After degassing by argon for 15 
min, the AIBN initiator (0.02 g) was added into the reaction mixture. The flask was 
sealed and the reaction was allowed to proceed at 70oC for 24 h. The obtained hairy 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG nanospheres were purified using 




Prior to click grafting of the fluorescent dye, the –CH2Cl groups of VBC units on the 
exterior surface of the nanospheres were first converted into azide groups. The 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG nanospheres (0.15 g) and sodium azide 
(NaN3, 0.5 g) were dispersed into 25 mL of dimethylformamide (DMF) in a 50 
mL-flask. The flask was sealed and stirred for 24 h in an 80°C oil bath. The resultant 
SiO2@P(MAA-co-DVB-co-VBC-N3)-click-PEG nanospheres were washed three times 
with a mixture of acetone and deionized water (3:1, 30 mL:10 mL). For the click 
reaction, 0.1 g of the SiO2@P(MAA-co-DVB-co-VBC-N3)-click-PEG nanospheres 
were dispersed into 8 mL of DMF, followed by addition of 14 mg of CuBr and 0.05 g 
of FD-C≡CH. The mixture was purged with argon for 15 min, followed by the addition 
of 18 mL of PMDETA. The flask was sealed and the reaction mixture was stirred for 
24 h in a 60°C oil bath.160-161 The resulting 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG/FD nanospheres were washed three 
times with a mixture of acetone and water (3:1, 30 mL:10 mL), centrifuged and dried. 
For the removal of copper catalyst, the synthesized 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG/FD nanospheres were dispersed in 40 
mL of ethanol, followed by the addition of excess disodium 
ethylenediaminetetraacetate (Na2EDTA). After repeated washing with a mixture of 
ethanol and deionized water (3:1 ratio, 30 mL:10 mL), the color of solution turned 
from green to yellow, indicating the successful removal of copper catalyst.  
 
Hairy air@P(MAA-co-DVB-co-VBC)-click-PEG/FD Hollow Nanospheres  
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The hairy air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres were 
prepared by HF etching of the silica core from the 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG/FD nanospheres. Briefly, 0.1 g of the 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG/FD hybrid nanospheres were stirred in 
10 mL of 20% HF at room temperature for 24 h. (Caution: HF is hazardous and very 
corrosive. Goggles and gloves must be worn during the operation.) The etching 
process was repeated twice to ensure the complete dissolution of the silica template 
core. The excess HF and SiF4 were removed by dialysis in deionized water for one 
week. Finally the pH-responsible, biocompatible and fluorescent 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres were freeze-dried 
and collected. 
 
For drug loading of the synthesized polymer hollow nanospheres, doxorubicin 
hydrochloride (DOX, Bor Yung, Pharmaceutical Co. Ltd., Seoul, Korea) was dissolved 
in aqueous solution to a concentration of 0.1 mg/mL. Ten mg of the 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres was then 
suspended in this DOX solution. The loading of DOX into the hollow polymer particles 
was allowed to take place for 48 h at room temperature under gentle stirring. The 
DOX-loaded hollow nanospheres were dialyzed for one week in deionized water and 
collected after freeze-drying. 
 
Cell Culture and Cytotoxicity Assay 
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NIH3T3 mouse embryonic fibroblast cell line and C6 rat glioma cell line were 
purchased from American Type Culture Collection (ATCC: CRL-1658TM and 
CCL-107TM) and cultured in Dulbecco’s Modified Eagles Medium (DMEM, 
Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS) and 1% 
penicillin-streptomycin, at 37°C in an atmosphere of 5% CO2 and 90% relative 
humidity. The medium was changed every day. The cells were harvested with 0.25 wt% 
trypsin and 0.02 wt% ethylenediaminetetraacetic (EDTA) acid. 
 
The cytotoxicicy of the nanospheres were assayed by determining the viability of 
NIH3T3 and C6 cells after incubation with the nanospheres of prescribed 
concentrations. For the cyto-compatibility test of 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres, NIH3T3 cells 
were seeded in a 96-well plate at a density of 104 cells per well. After incubation for 12 
h, the medium was replaced with a suspension of the nanospheres at a concentration of 
200 µg/mL nanospheres in a complete growth medium. For the cytotoxicity test of 
drug-loaded nanospheres, C6 tumor cells were seeded in a 96-well plate at a density of 
5×104 cells per well. After incubation of for 12 h, the medium was replaced by 100 µL 
medium containing the commercial drug, Doxorubicin or DOX-loaded nanospheres of 
different equivalent Doxorubicin concentrations, ranging from 0.01 µg/mL to 10 
µg/mL. All the nanospheres were sterilized by UV irradiation for 5 h prior to their use. 
One row of the 96-well plate was taken as blank control. At designated time intervals, 
the medium was removed and the wells were washed 3 times by PBS. Ten µL of 
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Premix WST-1 (TAKARA BIO Inc., Otsu, Shiga, Japan) and 90 µL of the medium 
were then added to the wells. After incubation for around 3-4 h, the plate was 
measured by the microplate reader (GENios Tecan, Groedig, Austria) for absorbance at 
440 nm with a reference wavelength of 620 nm. Tetrazolium salt (WST-1) is cleaved to 
soluble formazan dye by the succinate-tetrazolium reductase, which exists in 
mitochondrial respiratory chain and is active only in viable cells. The total activity of 
this mitochondrial dehydrogenase in a sample increases with the increase in the 
number of viable cells. Therefore, cell viability can be determined using the following 
equation:  
Cell viability (%) = (Abs test cells / Abs control cells) × 100% 
where the absorbance of test cells and absorbance (Abs) of control cells represent the 
amount of formazan dye determined for cells treated with DOX or DOX-loaded 
nanosphere suspension and for control cells (non-treated), respectively. 
 
Cell-imaging and Internalization of the Nanospheres to Tumor Cells 
In order to give direct evidence that the nanospheres have been internalized into the 
cells instead of just attaching to them, confocal laser scanning microscopy (CLSM) 
was used to visualize the internalization of the nanospheres by C6 glioma tumor cells. 
The C6 cells were cultured in the chambered cover glass system (Lab-Tek™, Nagle 
Nunc, IL) and maintained at 37°C under 5% CO2. Upon 80% confluence, the medium 
was changed with 500 µL suspension of coumarin6-loaded nanospheres at a 
concentration of 200 µg/mL. After incubation for a predetermined time period and 
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upon removal of the nanospheres from the suspension, cells were washed three times 
with PBS and then fixed by cooling with 70% ethanol for 1 h at 4°C. The cells were 
further washed three times with phosphate buffered saline (PBS) and the nuclei were 
stained with propidium iodide (PI) for 30 min. The cell monolayer was then washed 
three times with PBS and observed by CLSM (Zeiss LSM 410) under the FITC 



















5.6.2 Results and Discussion 
Procedures for the synthesis of multifunctional hairy polymer hollow nanospheres are 
shown in Scheme 5.5. Initially, narrowly-dispersed SiO2@P(MAA-co-DVB-co-VBC) 
core-shell hybrid nanospheres are synthesized using the sol–gel process and 
distillation-precipitation copolymerization. Thiol-ene and alkyne-azide dual ‘click’ 
reactions were subsequently carried out on the poly(MAA-co-DVB-co-VBC) shell 
surfaces for the post-modification of hybrid core-shell nanospheres to impart 
biocompatible and fluorescent properties. Finally, hairy 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres of fluorescent and 
biocompatible shell were obtained by selective removal of the silica template core 
from the SiO2@P(MAA-co-DVB-co-VBC)-click-PEG/FD nanospheres in HF. 
  
Figure 5.24 TEM micrographs for the (a) MPS-modified silica (SiO2-MPS) template 
and (b) SiO2@P(MAA-co-DVB-co-VBC) core-shell hybrid nanospheres. 
Narrowly-dispersed silica@polymer hybrid core-shell nanospheres were prepared from 
silica template cores, prepared a priori by the sol-gel reaction of TEOS and MPS in a 
mixture of ethanol and water. The TEM image of MPS-modified silica (SiO2-MPS) 




The SiO2-MPS template nanospheres with average diameters of 113, 150 and 197 nm 
were obtained by controlling the reaction time at 12, 24, 36 h, respectively. 
Distillation-precipitation copolymerization of MAA, DVB and VBC from the 
SiO2-MPS template nanospheres gives rise to SiO2@P(MAA-co-DVB-co-VBC) 
core-shell hybrid nanospheres with a small polydispersity index (PDI). The TEM 
image of the as-synthesized SiO2@P(MAA-co-DVB-co-VBC) core-shell hybrid 
nanospheres in Figure 5.24b reveals a soft polymer shell of low contrast encapsulating a 
dense inorganic silica core. The thickness of P(MAA-co-DVB-co-VBC) polymer shell 
is around 15 nm, as deduced from the TEM image.  
 
 
Figure 5.25 XPS (a) wide-scan, (b) Cl 2p and (c) C 1s core-level spectra of the 
SiO2@P(MAA-co-DVB-co-VBC) core-shell hybrid nanospheres. 





SiO2@P(MAA-co-DVB-co-VBC) core-shell nanospheres is shown in Figure 5.25a. 
The prominent photoelectron lines at the binding energies (BE) of about 102, 153, 200, 
284 and 530 eV are attributed to the Si 2p, Si 2s, Cl 2p, C 1s and O 1s species, 
respectively. The Cl species is associated with the VBC units in the copolymer shell. 
The Cl 2p core-level spectrum (Figure 5.25b) of the nanospheres consists of a spin-orbit 
split (Cl 2p3/2 and Cl 2p1/2) doublet at the BE of 200.0 and 201.6 eV, respectively,162 
characteristic of the covalent Cl species. The XPS C 1s core-level spectrum of the 
core-shell nanospheres (Figure 5.25c) can be curved-fitted with three peak components 
having BE at about 284.6, 286.2, and 288.8 eV, attributable to the C-C/C-H, C-Cl and 
O=C-O species, respectively.128 Among these species, the C-C/C-H and O=C-O peaks 
are assigned, respectively, to the backbones of the copolymer and the carboxylic acid 
groups of the PMAA segments. The FT-IR spectrum of the 
SiO2@P(MAA-co-DVB-co-VBC) core-shell nanospheres is shown in Figure 5.26a. 
The absorption peaks at 948 and 1100 cm-1 are assigned to the characteristic stretching 
vibration of Si-OH and Si-O-Si groups respectively. The absorption peaks at 1630 and 
1704 cm-1 are associated with the residual carbon-carbon double bonds from the DVB 
units and carboxylic acid groups from the MAA units, respectively.148, 163  
 
Post-modification of the substrate surface can endow the substrate with bioactive and 
functional properties.164-165 Due to the low toxicity and immunogenicity of PEG, 
stealth particles from surface grafting of PEG chains are attractive for biomedical 
applications.166-168 The residual carbon-carbon double bonds on the exterior surface of 
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the SiO2@P(MAA-co-DVB-co-VBC) core-shell nanospheres can serve as the reaction 
sites for the thiol-ene coupling reaction with the thiol-terminated PEG (PEG-SH) 
chains. The PEG-SH chains were characterized by XPS. Dynamic light scattering 
(DLS) analysis indicates that the hydrodynamic diameter (Dh) of the 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG core-shell nanospheres increased from 
180 nm to 192 nm after click grafting of the PEG-SH chains onto the exterior surface 
of the SiO2@P(MAA-co-DVB-co-VBC) core-shell nanospheres. The resulting 
PEG-clicked core-shell nanospheres were characterized by thermal gravimetric 
analysis (TGA) to determine the surface grafting density. Figure 5.27 shows the TGA 
curves of the core-shell hybrid nanospheres before and after click grafting of the PEG 
brushes. Grafting densities of the PEG brushes on the 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG core-shell hybrid nanospheres, as 
deduced from the corresponding weight loss of clicked PEG chains and the average 




Figure 5.26 FT-IR spectra of the (a) SiO2@P(MAA-co-DVB-co-VBC), 
(b) SiO2@P(MAA-co-DVB-co-VBC-N3)-click-PEG and (c) 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG/FD nanospheres. 
 
Figure 5.27 TGA curves of the SiO2@P(MAA-co-DVB-co-VBC) core-shell hybrid 
microspheres (a) before and (b) after click grafting of the PEG brushes on the exterior 
surface via thiol-ene click reaction. 
For the alkyne-azide ‘click’ reaction, the –CH2Cl groups of VBC units on the exterior 
surface of the SiO2@P(MAA-co-DVB-co-VBC)-click-PEG core-shell nanospheres 
were first converted to azide groups by a simple substitution reaction of the terminal 
chloride with sodium azide (NaN3) in DMF. Figure 5.26b shows the FT-IR spectrum of 
the SiO2@P(MAA-co-DVB-co-VBC-N3)-click-PEG nanospheres. The absorption peak 
at 2103 cm-1 corresponds to the stretching vibration of the azide groups.169 For the 
click attachment of propargyloxy fluorescein (alkyne-substituted fluorescent dye, 
FD-C≡CH) onto the nanosphere surface, the FD-C≡CH was reacted with the 
SiO2@P(MAA-co-DVB-co-VBC-N3)-click-PEG nanospheres in DMF using 
CuBr/PMDETA as the catalyst system. Upon click grafting of FD-C≡CH to the 
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nanosphere surfaces, the FT-IR spectrum of the 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG/FD nanospheres (Figure 5.26c) exhibit a 
new absorption peak at 1466 cm-1, characteristics of the stretching vibration of the 
benzene ring from the fluorescent dye. The stretching vibration band at 2103 cm-1 of 
the azide groups has disappeared completely after the alkyne-azide ‘click’ reaction.  
 
Figure 5.28 Fluorescent spectra of the 
(a) SiO2@P(MAA-co-DVB-co-VBC-N3)-click-PEG, (b) 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG/FD, and (c) 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres. 
The fluorescence spectrum of the FD-functionalized nanospheres in ethanol (0.5 
mg/mL), measured at an excitation wavelength of 295 nm, is shown in Figure 5.28. For 
the SiO2@P(MAA-co-DVB-co-VBC)-click-PEG/FD nanospheres, the emission peak is 
at about 515 nm, which is absent in the 
SiO2@P(MAA-co-DVB-co-VBC-N3)-click-PEG precursor nanospheres prior to the 




Figure 5.29 FESEM and TEM micrographs of the hairy 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres with 
biocompatible and fluorescent properties. 
Biocompatible and fluorescent air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow 
nanospheres were  obtained by selective removal of the silica core from the 
SiO2@P(MAA-co-DVB-co-VBC)-click-PEG/FD core-shell nanospheres by HF 
etching. The FESEM and TEM images of the hairy 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres are shown in 
Figures 5.29a and b, respectively. The biconcave shape of the hollow nanospheres, 
similar to that of the red blood cells (RBCs) in human beings,131, 170 is readily discernible. 
This morphology is probably associated with the flexible nature of the polymer 
materials. The spherical shape of the hollow particles can deform readily in the high 





Figure 5.30 Viability of the NIH3T3 fibroblast incubated in a growth medium 
containing 200µg/mL of the air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow 
nanospheres for a period of up to 48 h. The absorbance value is proportional to the 
number of viable cells, therefore indicates the cell viability. Each data point represents 
mean ± SD, n=6. * denotes statistical differences (p < 0.05) compared to the control 
group. 
Since the polymer shell consists of clicked PEG brushes and fluorescent dye on the 
exterior surface, the binary properties of cytotoxicity and fluorescent emission were 
first investigated. The cytotoxicity imposed by 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres was evaluated by 
the WST-1 assay. As shown in Figure 5.30, the viability of NIH3T3 fibroblast cells 
was not affected by the air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow 
nanospheres in an incubation period up to 48 h, as compared to the control group. This 
observation indicates that the air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow 
nanospheres are biocompatible formulations, and therefore can be further explored for 
various applications, such as in drug delivery systems. The fluorescent spectrum of the 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres in Figure 5.29c 
194 
 
shows an intense emission peak, which is potentially useful for the subsequent 
cell-imaging applications.  
 
 
Figure 5.31 Confocal laser scanning microscopy (CLSM) of C6 glioma cells after (a) 
2 h, (b) 6 h of incubation with the air@P(MAA-co-DVB-co-VBC)-click-PEG/FD 
hollow nanospheres at a concentration of 200 µg/mL. Images were obtained from 
upper left: FITC channel (Excitation at 488 nm), upper right: TRIC channel (Excitation 
at 543 nm), lower left: Differential interference contrast (DIC) channel, lower right: 
overlapped FITC, TRIC and DIC channel. 
The sectioning function of confocal laser scanning microscopy (CLSM) was employed 
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to obtain bio-imaging evidence on the internalization of hairy 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres into live cells 
instead of just attaching to them. Figures 5.31a and b show the respective CLSM 
images of C6 glioma cell monolayer after 2 h and 6 h of incubation with the 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres. The nuclei of 
cells were stained red with propidium iodide (PI) while the nanospheres exhibited 
green fluorescence. After 2 h, the green fluorescent appeared mainly along the cell 
membrane. After 6 h, a high intensity of the green fluorescence appeared inside the 
cells and was evenly dispersed in the cytosol. Thus, the internalization of 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres into tumor cells 
was ascertained via direct observation of fluorescence.   
 
Figure 5.32 In vitro viability of C6 glioma cells after 24 and 48 h of incubation with 
pure doxorubicin or doxorubicin-loaded nanospheres at equivalent drug concentration 
of 0.01, 0.1, 1, 10 µg/mL at 37°C. Each data point represents mean ± SD, n=6. * 
denotes statistical differences (p < 0.05), and ** denotes statistical differences (p < 
0.01), compared to the control group. 
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To investigate the application of the synthesized 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres as anti-cancer 
drug delivery vehicles, the chemotherapeutic drug, doxorubicin (DOX), was loaded 
into the cavity of the hairy air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow 
nanospheres. UV-visible absorbance showed that the drug loading capacity is around 
20 µg DOX per mg hollow nanospheres. The in vitro anti-tumor efficacy of 
DOX-loaded nanospheres was tested on C6 glioma tumor cells by the WST-1 assay 
(Figure 5.32). Pure DOX induces a significant concentration-dependent cytotoxicity 
during 24 and 48 h of incubation. For a 24 h incubation period, DOX-loaded 
nanospheres did not show appreciable cytotoxicity (concentration-dependent 
cytotoxicity) under all the concentrations tested. However, when the incubation time 
was increased to 48 h, the DOX-loaded nanospheres were seen to induce a lower 
viability of tumor cells with increasing drug concentration, which corroborates well 
with the retarded release of DOX from the nanospheres. Interestingly, when compared 
to the pure DOX drug, DOX-loaded nanospheres exhibit a significantly higher 
antitumor efficacy at an equivalent DOX concentration of 0.1 µg/mL, and a 
comparable cytotoxicity at an equivalent DOX concentration of 1 µg/mL, which also 
provides an optimum condition for efficient tumor inhibition. Considering the slower 
release of DOX from the nanospheres, the amount of DOX released will not be enough 
to result in an efficient suppression on cell viability at the lower concentration of 0.01 
µg/mL. Also, the acute toxic effect caused by the high concentration pure DOX would 
explain the significantly higher cytotoxicity of DOX than that of the DOX-loaded 
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nanospheres at the equivalent DOX concentration of 10 µg/mL. Thus, the cytotoxicity 
study on tumor cells further demonstrated that the 
air@P(MAA-co-DVB-co-VBC)-click-PEG/FD hollow nanospheres can be utilized as 






















We have synthesized hairy core-shell hybrids and hollow microspheres with hairy 
surfaces by living radical polymerization and click chemistry. The combined 
polymerization techniques of DPP and ATRP have provided a versatile tool for surface 
functionalization of inorganic nanoparticles and substrates. Well-defined hairy polymer 
brushes of hydrophilic P(PEGMA) and hydrophobic PS can be grafted from the 
Fe3O4/DySiO2 core-shell nanoparticles. The SiO2@PVK-PNIPAM hybrid 
microspheres were prepared via the (i) sol-gel process to produce the 
3-(trimethoxysilyl) propylmethacrylate-modified silica (SiO2-MPS) core templates, (ii) 
distillation-precipitation polymerization of N-vinylcarbazole from (or ‘grafting from’) 
the SiO2-MPS core template, in the presence of divinylbenzene cross-linker, and (iii) 
thiol-ene click reaction of the PNIPAM chains, prepared a priori from reversible 
addition-fragmentation transfer (RAFT) polymerization, to (or ‘grafting to’) the PVK 
shell. In addition to the well-defined and stable hollow microstructure, the 
air@PVK-PNIPAM microspheres also exhibited fluorescent and thermo-responsive 
properties.  
 
Well-defined silica@polymer core-shell hybrid nanospheres and were prepared from 
consecutive alkyne-azide and thiol-ene ‘click’ reactions of PS-N3 and PEG-SH chains 
on the shell surface of the SiO2@P(MAA-co-PMA-co-DVB) hybrid core-shell 
nanospheres, prepared a priori by conventional sol-gel reaction and 
distillation-precipitation copolymerization. The hairy 
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SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG core-shell and 
air@P(MAA-co-PMA-co-DVB)-click-PS/PEG hollow nanospheres with binary 
polymer brushes on the surface exhibited unique morphology and functions. The hariy 
hybrid microrattles were finally applied as a nanoreactor system for the confined 
catalytic reduction of p-nitrophenol. Combined interior functionalization and exterior 
modification of the hollow polymer microspheres with a catalytic metal nanocore and 
functional polymer brushes, respectively, provides a general approach for endowing 
the hollow polymer microspheres with unique morphology and functions, leading to 
useful multifunctional hollow polymer nano- and microstructures. The hairy hollow 
nanospheres with surface-clicked PEG chains and fluorescent moieties were shown to 
be internalized by tumor cells, with the emission of green fluorescence as a cell 
imaging probe. The DOX-loaded hairy hollow nanospheres exhibit efficient drug 




































The present work has attempted to develop facial and robust synthesis approach to a 
series of well-defined inorganic/polymer hybrids and hollow polymer micro- and 
nanostructures (single-shell, double-shell, rattle-type and hairy hollow particles) by a 
combination of distillation-precipitation polymerization with sol-gel chemistry, living 
radical polymerization (ATRP and RAFT), and ‘click’ chemistry (alkyne-azide and 
thiol-ene reactions).  
 
Single-shelled PMAA, double-shelled PMAA-PNIPAM and PMAA1-PMAA2 hollow 
polymer microspheres with stimuli-responsive properties have been fabricated from 
the corresponding silica/polymer composite hybrids via a combined 
distillation-precipitation polymerization and sol-gel chemistry, followed by removal of 
the silica templates. It was found that the pH-responsive PMAA hollow microspheres 
with a flexible shell thickness could change their hydrodynamic diameter as the pH of 
medium varies. This change in size is due to the ionization of the carboxylic acid 
groups in the PMAA shell at high pH values, resulting in Donnan osmotic swelling of 
the polymer. The structure of shell layer can be switched reversibly from a collapsed 
state to a swollen state under different pH values. The PNIPAM shell can respond to 
the temperature of the aqueous medium. This change in hydrodynamic sizes is 
consistent with the fact that PNIPAM exhibits a lower critical solution temperature 
(LCST) behavior in aqueous media. At temperature of the medium above the LCST of 
about 32 oC, the PNIPAM shells associated hydrophobic to decrease the effective 
hydrodynamic diameter of the hollow microspheres. The applications of as-prepared 
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hollow microspheres have also been explored as drug vehicles in drug delivery 
systems.  
As demonstrated above, the silica inorganic materials could be used as template for the 
fabrication of polymer hollow structures. Alternatively, the polymers from 
distillation-precipitation polymerization can also be used as the template for the 
inorganic silica hollow structures. Selective removal of polymer layer from the 
Silica@polymer@silica@polymer@silica mulitilayer hybrid microspheres resulted in 
the concentric hollow silica micropsheres via calcinations at high temperature. 
Furthermore, Rattle-type hollow spheres of a porous silica shell and anatase titania 
nanocore have been produced from the corresponding PMMA/TiO2@PMAA@Silica 
inorganic/polymer hybrid spheres by calcinations at a high temperature. Well-defined 
mesoporous structure could be controlled via addition of CTAB surfactant during the 
sol-gel reaction for the silica shell. The rattle-type titania/silica hollow particles have 
been employed as a nanoreactor system for photo-induced degradation of chemicals in 
a confined space.  
 
Furthermore, a combination of highly efficient ‘click’ chemistry (Huisgen 
alkyne-azide cycloaddition and thiol-ene reaction) and traditional techniques (sol-gel 
process and distillation-precipitation polymerization) have been used to construct hairy 
hollow structure with unique morphology, multiple functions and tailored surface 
properties. The first step involved the preparation of silica-polymer core-shell hybrids 
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and linear polymer chains from the living radical polymerization (ATRP and RAFT). 
Then, the surface ‘click’ reaction occurred, giving rise to polymer brush decorated 
silica-polymer core-shell microspheres of hairy SiO2@PVK-click-PNIPAM 
SiO2@P(MAA-co-PMA-co-DVB)-click-PS/PEG core-shell microspheres. The novel 
hairy hollow structures with decorated polymer brushes have the improved special 
surface properties in the confined catalytic reactions. 
 
The present research work has focused on investigating a series of functional 
core-shell and hollow microstructures based on combination techniques. Despite these 
efforts, it is still a long way to go to realize the practical applications of these hybrids 
and hollow particles. In the future work, the functionalization of these hollow 
structures for specific applications such as nanomedicine should be investigated. For 
the newly-developed nanotechnology in medicine, or named nanomedicine, it is highly 
desirable to synthesize the polymer particles in the range of nano-meters, as well as the 
bio-functions. The polymer particles with the size of below 200 nm in diameter would 
be good candidates as the drug carrier for the cancer therapy via the “enhanced 
permeability and retention (EPR) effect”.171-173 The nanoparticles for biomedical 
applications need the aqueous solubility and biocompatibility. The functionalized 
nanoparticles allow a long blood circulation of these nanomaterials upon intravenous 
injection into animal body.174-175 Targeting is one of the most key factors in cancer 
therapy. Cancer cells can have an enhanced uptake of nutrients with certain receptors 
(targeting molecules), such as folic acid, vitamins, sugars, as well as proteins. The 
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targeting materials on the particle surface facilitate internalization of these particles 
after binding to target receptors that occurs via receptor-mediated endocytosis as 
specific cellular uptake.176-177 Stimuli-responsive polymer particles as drug carriers are 
expected to be triggered to release the anticancer drug in response to extracellular or 
intracellular stimuli, such as pH values.178-179 Both the size and these bio-functions are 
of great importance. In the future, the multi-functional polymer particles with the size 
of nanometer and these bio-properties (biocompatibility, targeting surface, 
stimuli-responsive controlled release) together in one system would be of great 
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